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This thesis investigates the morphology of internal tooth structures of fossils attributed to 
the genus Homo and explores the implications for the systematics of the earliest members 
of our genus. The origins and evolution of the genus Homo are poorly understood, and one 
of the major unresolves issues concerns the relationship between the species Homo habilis 
and other taxa. The enamel-dentine junction (EDJ) is useful for studies of hominin 
systematics because its morphology contains taxonomically important information that may 
otherwise be lost due to the effects of occlusal dental wear. Few studies focus on the EDJ 
morphology of early Homo due to a lack of microtomographic scans that preserve adequate 
contrast between dental tissues. This thesis presents the first analysis of new scans of 
important H. habilis specimens from Olduvai Gorge in Tanzania, including the type specimen 
OH 7. Overall EDJ shape is quantified using landmark-based geometric morphometric 
methods, revealing that a number of H. habilis specimens retain a very primitive EDJ 
morphology, largely within the range of Australopithecus. Conversely, H. habilis specimen 
OH 16 shows a suite of derived traits, particularly in the premolars, suggesting considerable 
variability within the species hypodigm. Analysis of the mandibular premolar EDJ of the 
species Homo naledi reveals a distinctive and remarkably consistent morphology that differs 
in several key traits from those of comparative taxa, including H. habilis and H. erectus. 
However, two specimens from sites in South Africa show H. naledi-like traits, suggesting a 
possible phylogenetic link with much earlier hominins. Finally, the thesis also investigates 
the EDJ expression of mandibular molar accessory cusps, outlining a scoring system for these 
traits at the EDJ. There are taxon-specific patterns in accessory cusp expression, with early 
Homo molars frequently displaying a lingual accessory cusp but no distal accessory cusp. 
However, the EDJ reveals a number of developmental complexities. This is well-illustrated by 
three Olduvai H. habilis first molars; each has a lingual accessory cusp, but the form of the 
trait clearly differs in each, raising questions over the use of accessory cusps for taxonomy. 
This thesis demonstrates the importance of studying the EDJ of fossil hominin teeth 
alongside the outer enamel surface and improves our understanding of the dental 
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Teeth are hugely important for studies of hominin taxonomy and phylogeny. This is due to 
three main factors. Firstly, a large portion of the hominin fossil record consists of dental 
remains because teeth are highly mineralised and preserve better than bone in fossil deposits. 
Secondly, while bones are remodelled throughout an organism’s lifetime in response to a 
variety of factors, teeth are not. Once fully developed, they are only modified by external 
factors such as disease, breakage, or wear. Finally, teeth show a high level of character richness, 
and many aspects of tooth morphology are highly heritable. 
Despite these factors, there are a number of obstacles to studying dental morphology, one of 
which is mentioned above: occlusal dental wear. Wear can significantly reduce the information 
available from the outer enamel surface of teeth. This is particularly problematic for fossil taxa 
for which only small samples are available. However, in many cases the internal structures of 
worn hominin teeth are well-preserved. The enamel-dentine junction (EDJ) preserves the form 
of the basement membrane upon which enamel is deposited during tooth development. Many 
tooth crown features originate at the EDJ, which means that in cases of moderate tooth wear, 
the EDJ can provide important insights into tooth crown morphology that would otherwise be 
lost. Furthermore, hominins frequently have thick enamel, which can obscure the appearance 
of crown features, but at the EDJ these features are sharper and more easily identifiable. The 
morphology of the EDJ has been shown to be useful in addressing issues of hominin systematics 
in a number of cases (Pan et al. 2016; Skinner et al. 2008a; Zanolli et al. 2019). 
Summary
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The origin and early evolution of the genus Homo remains poorly understood, and one of the 
major unresolved issues is the relationship between Homo habilis and other taxa. There are 
relatively few studies focusing on the EDJ morphology of early Homo. In part, this is because 
many of the relevant fossil remains, particularly from eastern Africa, do not preserve adequate 
tissue contrast for the EDJ to be imaged using CT-based methods. Another issue is that, until 
recently, microtomographic scans of important H. habilis specimens from Olduvai Gorge in 
Tanzania have not been available. This thesis presents the first analysis of new scans of these 
important H. habilis specimens, including the type specimen of the species, OH 7. 
 
AIM OF THESIS 
The aim of this thesis is to investigate the morphology of internal tooth structures of fossils 
belonging to the genus Homo and explore the implications for the systematics of the earliest 
members of our genus. 
Microtomography is used to image the enamel-dentine junction (EDJ) of important hominin 
dental remains from eastern and southern Africa, as well as comparative material from sites 
throughout Africa, Asia and Europe. In particular, new scans from Olduvai Gorge in Tanzania are 
analysed, allowing the first in-depth look at the internal dental structures of H. habilis. 
In order to address the systematics of a range of early Homo specimens, two main approaches 
are utilised: 
1) Overall EDJ shape is quantified using landmark-based geometric morphometric methods. 
2) Molar accessory cusps are recorded at the EDJ using a new scoring system that considers the 
developmental complexity of these features. 
The first approach is used in Chapter 1 to analyse the mandibular premolar morphology of 
Homo naledi fossils from southern Africa. Although these fossils are dated to the later Middle 
Pleistocene, their morphology is much more similar to geologically older fossils, making 
comparisons with early Homo particularly important. The first approach is also used in Chapter 
3 to analyse the postcanine teeth in H. habilis. The second approach is utilised in Chapter 2, 
outlining accessory cusp expression in a broad sample of Plio-Pleistocene hominin mandibular 
molars from sites across southern Africa, eastern Africa, and Asia, including a number of early 
Homo specimens. 
OVERVIEW OF RESULTS 
This dissertation consists of two first-authored peer-reviewed papers, and one monographic 
chapter. Chapter 1 was published in Scientific Reports (Davies et al. 2020) and Chapter 2 was 
published in PeerJ (Davies et al. 2021). Chapter 3 is a monographic chapter but is presented as a 
short-format manuscript.  
Summary
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Chapter 1. Distinct mandibular premolar crown morphology in Homo naledi and its implications 
for the evolution of Homo species in southern Africa 
 
Chapter 1 focuses on the mandibular premolars of the species Homo naledi. The species was 
first described in 2015 to accommodate fossils recovered from the Dinaledi Chamber in the 
Rising Star cave system in South Africa, and subsequently from a second locality in the same 
cave system, the Lesedi Chamber (Berger et al. 2015; Hawks et al. 2017). The species shows an 
intriguing combination of primitive and derived traits, as well as a number of autapomorphic 
traits (Berger et al. 2015; Harcourt-Smith et al. 2015; Hawks et al. 2017; Kivell et al. 2015).  
Attempts to reconstruct the phylogenetic position of H. naledi are consistent in placing the 
species in the genus Homo, but have not been able to determine the relationship between H. 
naledi and other Homo species (Berger et al. 2017; Dembo et al. 2016; Irish et al. 2018; 
Thackeray 2015). Mandibular premolars are useful in studies of hominin taxonomy and 
phylogeny (Bailey & Lynch 2005; Delezene & Kimbel 2011; Suwa 1990; Wood & Uytterschaut 
1987), and the H. naledi premolars are unique among the hominin clade. This chapter explores 
this distinctive morphology for the first time at the EDJ using geometric morphometric 
techniques. The H. naledi premolars are remarkably consistent in their EDJ morphology and 
display a distinctive suite of traits which include a well-developed metaconid, a strongly 
developed mesial marginal ridge, and a third premolar that is larger than the fourth (P3>P4). 
These traits contribute to an overall EDJ shape that is highly homogenous, and distinct from 
comparative taxa including H. habilis and Homo erectus. The morphology is also consistent in 
worn specimens from the Lesedi Chamber. 
However, two specimens from fossil sites in South Africa do show similarities to H. naledi. StW 
80, a crushed mandible from Sterkfontein Member 5 West assigned to early Homo, is found to 
be similar to H. naledi in having a tall and mesiodistally expanded P4 that is larger than the P3. 
Further, SK 96, a mandible fragment from Swartkrans Member 1 that is attributed (perhaps 
erroneously) to Paranthropus robustus, includes an unerupted P3 that is small and mesiodistally 
long compared with those of other members of the species. Instead, the specimen shows a 
number of features that resemble H. naledi, including a reduced talonid. Although there are 
some morphological differences between both specimens and H. naledi, the similarities could 
suggest a phylogenetic link between H. naledi and much older hominins from Swartkrans and 
Sterkfontein, which would suggest that H. naledi represents a long surviving lineage that split 
relatively early from other members of the genus Homo. Alternatively, the shared features 
between these specimens and H. naledi may be due to homoplasy. 
These results underline the importance of detailed assessments of external and internal tooth 
crown morphology, particularly for enigmatic hominin species such as H. naledi. The distinctive 
premolar crown morphology detailed here may be useful in identifying further specimens of H. 




Chapter 2. Accessory cusp expression at the enamel-dentine junction of hominin mandibular 
molars 
 
This chapter investigates the expression of accessory cusps at the EDJ. Accessory cusps are 
variably present in hominin molars in addition to the five main cusps. They are frequently 
present on the distal marginal ridge (distal accessory cusp) or the lingual marginal ridge (lingual 
accessory cusp), and their presence or absence is frequently recorded in studies of hominin 
taxonomy. For example, it has been suggested that early Homo molars frequently display a 
lingual accessory cusp, and this feature has been used to support an assignment of a number of 
species to Homo (Braga & Thackeray 2003; Grine 1989; Villmoare et al. 2015; Wood 1991). 
However, accessory cusps are usually assessed at the outer enamel surface, where their 
appearance can be modified by the effects of occlusal dental wear. This issue affects important 
fossil remains such as the type specimen of H. habilis, OH 7, which has worn first molars whose 
accessory cusp morphology has to be inferred from the preserved fissure patterns. The EDJ is 
preserved in cases of moderate tooth wear and can be utilised to accurately assess accessory 
cusp morphology. Further, studies of the EDJ suggest that accessory cusps visible at the enamel 
surface can correspond to a wide variety of EDJ morphologies (Ortiz et al. 2017; Skinner et al. 
2008b).  
This chapter outlines a scoring system for these traits at the EDJ that considers variation in the 
placement of accessory cusps with respect to the surrounding adjacent cusps. This system is 
used to score accessory cusps in hominin mandibular molars assigned to Paranthropus, 
Australopithecus and Homo. There are a number of taxon-specific patterns in accessory cusp 
expression at the EDJ. For example, M1s and M2s of H. habilis frequently have a lingual 
accessory cusp and no distal accessory cusp, while those of P. robustus usually show the 
opposite pattern. There are also a number of complicating factors: Some specimens that 
appear to show accessory cusps at the enamel surface have no corresponding dentine horn at 
the EDJ, while others instead show a shouldering feature along the marginal ridges associated 
with the main cusps. The developmental underpinnings of these features are unclear, and we 
should be cautious in using features that may not be developmentally homologous for 
taxonomic purposes. In the example of OH 7, the first molar has two distinct accessory cusps at 
the EDJ, both on the distal ridge of the metaconid. This morphology not only differs from other 
specimens of H. habilis but is unique among the hominin sample utilised in this chapter. 
Chapter 3. Postcanine EDJ morphology in Homo habilis and its implications for the evolution of 
early Homo 
 
This chapter investigates the EDJ morphology of H. habilis, considering the entire mandibular 
and maxillary postcanine tooth row. Geometric morphometrics are used to quantify the shape 
of the EDJ in each tooth position and compare specimens of H. habilis to those of 
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Australopithecus, H. erectus and later Homo. There are a number of features that consistently 
distinguish specimens of later Homo from Australopithecus, such as an increase in the height of 
the dentine body (defined as the distance between the cervix and marginal ridges) in all tooth 
positions, the reduction of the talon or talonid in the premolars and a reduction in the distal 
aspect of the crown in upper molars. Key H. habilis specimens (OH 7, OH 24, KNM-ER 1813) 
retain the primitive condition for these features and are found to be largely within the 
Australopithecus range of variation in overall EDJ shape. These results are consistent with those 
emphasising the generalised postcanine morphology of H. habilis (Wood 1992). Further, there 
is no evidence for a consistent buccolingual narrowing of the postcanine dentition in H. habilis, 
a feature that has been suggested to represent an autapomorphy of the species (Leakey et al. 
1964).  
There is also considerable variation within the H. habilis hypodigm. This is best exemplified by 
Bed II specimen OH 16; the postcanines show a suite of derived features, particularly in the 
mandibular and maxillary premolars, which have a tall dentine body and reduced talon/talonid. 
In these respects, OH 16 is more derived than the early African H. erectus sample. OH 13, the 
youngest H. habilis specimen, does not display the same morphology as OH 16, and is less 
derived in several key features. This suggests that a simple model of evolution within the H. 
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Zähne sind für Studien zur Taxonomie und Phylogenie von Homininen von enormer Bedeutung. 
Dies ist auf drei Hauptfaktoren zurückzuführen. Erstens machen Zähne einen hohen Anteil der 
Homininen-Fossilien aus, da Zähne hoch mineralisiert sind und sich fossil besser erhalten als 
Knochen. Zweitens: Während Knochen auf Grund vieler Faktoren im Laufe des Lebens 
umgebaut werden, ist dies bei Zähnen nicht der Fall. Einmal voll entwickelt, werden sie nur 
durch äußere Faktoren wie Krankheit, Bruch oder Abnutzung verändert. Und schließlich weisen 
Zähne eine Vielzahl an charakteristischen Merkmalen auf, und viele Aspekte der 
Zahnmorphologie sind in hohem Maße vererbbar. 
Trotz dieser Faktoren gibt es eine Reihe von Hindernissen bei der Untersuchung der 
Zahnmorphologie, von denen eines bereits erwähnt wurde: okklusaler Zahnverschleiß. 
Abnutzung kann die Informationen, die von der äußeren Schmelzoberfläche der Zähne 
verfügbar sind, erheblich reduzieren. Dies ist besonders problematisch bei fossilen Taxa, von 
denen nur kleine Stichproben verfügbar sind. In vielen Fällen sind jedoch die inneren Strukturen 
abgenutzter Homininenzähne gut erhalten. Die Schmelz-Dentin-Grenze (auf Englisch „Enamel-
Dentine Junction“) bewahrt die Form der Basalmembran, auf der der Zahnschmelz während der 
Zahnentwicklung abgelagert wird. Viele Merkmale der Zahnkrone haben ihren Ursprung an der 
Schmelz-Dentin-Grenze, was bedeutet, dass ihre Form in Fällen mäßiger Zahnabnutzung 
wichtige Erkenntnisse über die Morphologie der Zahnkrone liefern kann, die sonst verloren 
gehen würden. Außerdem haben Homininen häufig dicken Zahnschmelz, der das 
Zusammenfassung
8
Erscheinungsbild der Zahnkrone maskieren kann. An der Schmelz-Dentin-Grenze jedoch sind 
Gestaltmerkmale klarer und leichter zu erkennen. Die Morphologie des Schmelz-Dentin-Grenze 
hat sich in einer Reihe von Fällen als nützlich erwiesen, um Fragen der Homininen-Systematik 
zu klären (Pan et al. 2016; Skinner et al. 2008a; Zanolli 2015).  
Über den Ursprung und die frühe Evolution der Gattung Homo ist vieles nicht bekannt. Eine der 
wichtigsten ungelösten Fragen ist die Beziehung zwischen Homo habilis und anderen Taxa. Es 
gibt relativ wenige Studien, die sich auf die Gestalt der Schmelz-Dentin-Grenze in Zähnen des 
frühen Homo konzentrieren. Dies liegt zum Teil daran, dass viele der relevanten fossilen 
Überreste, insbesondere aus Ostafrika, keinen ausreichenden Gewebekontrast aufweisen, um 
die Schmelz-Dentin-Grenze mit CT-basierten Methoden abzubilden. Ein weiteres Problem ist, 
dass bis vor kurzem keine mikrotomographischen Scans von wichtigen H. habilis-Exemplaren 
aus der Olduvai-Schlucht in Tansania verfügbar waren. Diese Arbeit präsentiert die erste 
Analyse neuer Scans dieser wichtigen H. habilis-Exemplare, einschließlich des Typusexemplars 
der Art, OH 7. 
 
ZIEL DER DISSERTATION 
Das Ziel dieser Arbeit ist es, die Morphologie der inneren Zahnstrukturen von Fossilien der 
Gattung Homo zu untersuchen und die Implikationen für die Systematik der frühesten 
Mitglieder unserer Gattung zu erforschen. 
Mit Hilfe der Mikrotomographie wird die Schmelz-Dentin-Grenze wichtiger homininer 
Zahnreste aus dem östlichen und südlichen Afrika sowie Vergleichsmaterial von Fundorten in 
Afrika, Asien und Europa abgebildet. Insbesondere werden neue Scans aus der Olduvai-Schlucht 
in Tansania analysiert, die den ersten detaillierten Blick auf die inneren Zahnstrukturen des H. 
habilis ermöglichen. 
Um die Systematik einer Reihe von frühen Homo-Exemplaren zu untersuchen, werden zwei 
Hauptansätze verwendet: 
1) Die Gesamtform der Schmelz-Dentin-Grenze wird mit Hilfe von 3D Messpunkten mit 
Methoden der geometrischen Morphometrie quantifiziert. 
2) Akzessorische Höcker an den Backenzähnen (Molaren) werden an der Schmelz-Dentin-
Grenze mit einem neuen Scoring-System erfasst, das die entwicklungsbedingte Komplexität 
dieser Merkmale berücksichtigt. 
Der erste Ansatz wird in Kapitel 1 verwendet, um die Morphologie der Unterkiefer-Prämolaren 
von Homo naledi-Fossilien aus Südafrika zu analysieren. Obwohl diese Fossilien auf das spätere 
Mittelpleistozän datiert werden, ist ihre Morphologie geologisch älteren Fossilien sehr viel 
ähnlicher, was Vergleiche mit frühen Homo Fossilien besonders wichtig macht. Dieser Ansatz 
wird auch in Kapitel 3 verwendet, um die postcaninen Zähne von H. habilis zu analysieren. Der 
Zusammenfassung
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zweite Ansatz wird in Kapitel 2 verwendet, um die Ausprägung von akzessorischen Höckern in 
einer breiten Stichprobe von Unterkiefern-Backenzähnen plio-pleistozäner Homininen von 
Fundorten in Südafrika, Ost-Afrika und Asien, einschließlich einiger frühen Homo-Fossilien, zu 
beschreiben. 
ÜBERSICHT DER ERGEBNISSE 
Diese Dissertation besteht aus zwei erstveröffentlichten, begutachteten Artikeln und einem 
monographischen Kapitel. Kapitel 1 wurde in Scientific Reports veröffentlicht (Davies et al. 
2020) und Kapitel 2 wurde in PeerJ veröffentlicht (Davies et al. 2021). Kapitel 3 ist ein 
monographisches Kapitel, wird aber als kurzes Manuskript präsentiert.  
 
Kapitel 1. Besonderheiten der Zahnkronenmorphologie der Unterkiefer-Prämolaren bei Homo 
naledi und ihre Bedeutung für die Evolution von Homo im südlichen Afrika 
 
Kapitel 1 konzentriert sich auf die Unterkiefer-Prämolaren der Art Homo naledi. Die Art wurde 
erstmals 2015 anhand von Fossilien aus der Dinaledi-Kammer im Rising Star-Höhlensystem in 
Südafrika beschrieben. Überreste dieser Art wurde anschließend auch aus einer zweiten 
Fundstelle im selben Höhlensystem, der Lesedi-Kammer (Berger et al. 2015; Hawks et al. 2017) 
geborgen. Homo naledi zeigt eine faszinierende Kombination aus primitiven und abgeleiteten 
Merkmalen, sowie eine Reihe von autapomorphen Merkmalen (Berger et al. 2015; Harcourt-
Smith et al. 2015; Hawks et al. 2017; Kivell et al. 2015). Versuche, die phylogenetische Position 
von H. naledi zu rekonstruieren, stimmen darin überein, die Art in die Gattung Homo zu stellen, 
konnten aber die Beziehung zwischen H. naledi und anderen Homo-Arten nicht klären (Berger 
et al. 2017; Dembo et al. 2016; Irish et al. 2018; Thackeray 2015). Die Prämolaren des 
Unterkiefers sind nützlich für Studien zur Taxonomie und Phylogenie der Homininen (Bailey & 
Lynch 2005; Delezene & Kimbel 2011; Suwa 1990; Wood & Uytterschaut 1987). Prämolaren von 
H. naledi sind einzigartig innerhalb der Homininen. In diesem Kapitel wird diese 
charakteristische Morphologie zum ersten Mal an der Schmelz-Dentin-Grenze mit Hilfe der 
geometrischen Morphometrie untersucht. H. naledi-Prämolaren sind bemerkenswert 
konsistent in der Gestalt der Dentinkrone und weisen eine Reihe von charakteristischen 
Merkmalen auf, zu denen ein gut entwickeltes Metakonid, eine stark entwickelte mesiale 
Randleiste und ein dritter Prämolar gehören, der größer ist als der vierte (P3>P4). Diese 
Merkmale tragen zu einer Gesamtform der Dentinkrone bei, die sehr homogen ist und sich von 
vergleichbaren Taxa wie H. habilis und Homo erectus unterscheidet. Dieselbe Morphologie ist 
auch bei abgenutzten Zähnen aus der Lesedi-Kammer zu finden. 
Zwei Fossilien aus Fossilfundstellen in Südafrika zeigen jedoch Ähnlichkeiten mit H. naledi. StW 
80, ein zertrümmerter Unterkiefer aus Sterkfontein Member 5 West, der dem frühen Homo 
zugeordnet wird, weist Ähnlichkeiten mit H. naledi auf, da er einen hohen und mesiodistal 
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erweiterten P4 aufweist, der größer als der P3 ist. SK 96, ein Unterkieferfragment aus 
Swartkrans Member 1, das (vielleicht fälschlicherweise) Paranthropus robustus zugeschrieben 
wird, weist einen P3 auf der noch nicht durchgebrochen ist, der klein und mesiodistal lang ist, 
verglichen mit denen anderer Mitglieder der Art. Stattdessen zeigt SK 96 eine Reihe von 
Merkmalen, die H. naledi ähneln, darunter ein reduziertes Talonid. Obwohl es einige 
morphologische Unterschiede zwischen den beiden Fossilien und H. naledi gibt, könnten die 
Ähnlichkeiten eine phylogenetische Verbindung zwischen H. naledi und viel älteren Homininen 
aus Swartkrans und Sterkfontein nahelegen, was bedeuten würde, dass H. naledi eine lange 
überlebende Linie repräsentiert, die sich relativ früh von anderen Mitgliedern der Gattung 
Homo abspaltete. Alternativ dazu könnten die gemeinsamen Merkmale zwischen diesen 
Exemplaren und H. naledi auf Homoplasie zurückzuführen sein. 
Diese Ergebnisse unterstreichen die Bedeutung einer detaillierten Beurteilung der äußeren und 
inneren Zahnkronenmorphologie, insbesondere bei rätselhaften Homininenarten wie H. naledi. 
Die hier beschriebene charakteristische Kronenmorphologie der Prämolaren könnte bei der 
Identifizierung weiterer Exemplare von H. naledi oder eng verwandter Gruppen von anderen 
Fundorten und möglicherweise aus begrenzten und fragmentarischen Überresten nützlich sein. 
Kapitel 2. Akzessorische Höckerexpression an der Schmelz-Dentin-Grenze von Hominin-
Mandibularmolaren 
 
In diesem Kapitel wird die Ausprägung von akzessorischen Höckern an der Schmelz-Dentin-
Grenze untersucht. Akzessorische Höcker sind bei homininen Molaren zusätzlich zu den fünf 
Haupthöckern variabel vorhanden. Sie sind häufig auf dem distalen Randleistenkamm (distaler 
akzessorischer Höcker) oder dem lingualen Randleistenkamm (lingualer akzessorischer Höcker) 
vorhanden, und ihre An- oder Abwesenheit wird häufig in Studien zur Taxonomie von 
Homininen erfasst. Zum Beispiel wurde behauptet, dass frühe Homo-Molaren häufig einen 
lingualen akzessorischen Höcker aufweisen, und dieses Merkmal wurde verwendet, um eine 
Zuordnung einer Reihe von Arten zu Homo zu unterstützen (Braga & Thackeray 2003; Grine 
1989; Villmoare et al. 2015; Wood 1991). Allerdings werden akzessorische Höcker in der Regel 
an der äußeren Schmelzoberfläche beurteilt, wo ihr Aussehen durch die Auswirkungen der 
okklusalen Zahnabnutzung verändert werden kann. Dieses Problem betrifft wichtige fossile 
Überreste wie das Typusexemplar von H. habilis, OH 7, das abgenutzte erste Molaren aufweist, 
deren akzessorische Höckermorphologie aus den erhaltenen Fissurenmustern abgeleitet 
werden muss. Die Schmelz-Dentin-Grenze ist in Fällen von moderater Zahnabnutzung erhalten 
und kann zur genauen Beurteilung der Morphologie der akzessorischen Höcker herangezogen 
werden. Darüber hinaus legen Studien der Schmelz-Dentin-Grenze nahe, dass an der 
Schmelzoberfläche sichtbare akzessorische Höcker einer Vielzahl von Gestaltmerkmalen an der 
Dentinkrone entsprechen können (Ortiz et al. 2017; Skinner et al. 2008b).  
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In diesem Kapitel wird ein Bewertungssystem für diese Merkmale an der Schmelz-Dentin-
Grenze beschrieben, um die Variation in der Platzierung der akzessorischen Höcker in Bezug auf 
die umgebenden benachbarten Höcker zu berücksichtigen. Dieses System wird verwendet, um 
die akzessorischen Höcker in Unterkiefermolaren von Homininen zu bewerten, die 
Paranthropus, Australopithecus und Homo zugeordnet werden. Es gibt eine Reihe von 
taxonspezifischen Mustern in der Ausprägung der akzessorischen Höcker an der EDJ. Zum 
Beispiel haben M1 und M2 von H. habilis häufig einen lingualen akzessorischen Höcker und 
keinen distalen akzessorischen Höcker, während die von P. robustus normalerweise das 
gegenteilige Muster zeigen. Außerdem gibt es eine Reihe von komplizierenden Faktoren: Einige 
Exemplare, die scheinbar akzessorische Höcker an der Schmelzoberfläche aufweisen, haben 
kein entsprechendes Dentinhorn an der Schmelz-Dentin-Grenze, während andere stattdessen 
ein schulterförmiges Merkmal entlang der mit den Haupthöckern verbundenen Randleisten 
zeigen. Die entwicklungsgeschichtlichen Grundlagen dieser Merkmale sind unklar, und wir 
sollten bei der Verwendung von Merkmalen, die möglicherweise ontogenetisch nicht homolog 
sind, für taxonomische Zwecke vorsichtig sein. Im Beispiel von OH 7 hat der erste Molar zwei 
ausgeprägte akzessorische Höcker an der EDJ, beide auf dem distalen Kamm des Metaconids. 
Diese Morphologie unterscheidet sich nicht nur von anderen Exemplaren von H. habilis, 
sondern ist auch einzigartig unter den Homininen, die in diesem Kapitel verwendet wurden. 
Kapitel 3. Postcanine Schmelz-Dentin-Grenze Morphologie bei Homo habilis und ihre 
Implikationen für die Evolution des frühen Homo 
 
In diesem Kapitel wird die Schmelz-Dentin-Grenze Morphologie von H. habilis untersucht, 
wobei die gesamte mandibuläre und maxilläre postcanine Zahnreihe betrachtet wird. 
Geometrische Morphometrie wird verwendet, um die Gestalt der Schmelz-Dentin-Grenze für 
jeder Zahnposition zu quantifizieren und Fossilien von H. habilis mit denen von 
Australopithecus, H. erectus und späterem Homo zu vergleichen. Es gibt eine Reihe von 
Merkmalen, die Individuen des späteren Homo durchgängig von Australopithecus 
unterscheiden, wie z. B. eine Zunahme der Höhe des Dentinkörpers (definiert als der Abstand 
zwischen dem Zahnhals und den Randleisten) in allen Zahnpositionen, die Verkleinerung des 
Talons oder Talonids bei den Prämolaren und eine Verringerung des distalen Aspekts der Krone 
bei den oberen Molaren. Wichtige Exemplare von H. habilis (OH 7, OH 24, KNM-ER 1813) 
behalten den primitiven Zustand für diese Merkmale bei und liegen weitgehend innerhalb der 
Australopithecus-Variationsbreite für die Gesamtform der Schmelz-Dentin-Grenze. Diese 
Ergebnisse stimmen mit denen überein, die die generalisierte postcanine Morphologie von H. 
habilis betonen (Wood 1992). Darüber hinaus gibt es keine Hinweise auf eine konsistente 
bukkolinguale Verschmälerung des postcaninen Gebisses bei H. habilis, ein Merkmal, von dem 
angenommen wurde, dass es eine Autapomorphie der Art darstellt (Leakey et al. 1964).  
Auch innerhalb von H. habilis gibt es eine erhebliche Variation. Dies wird am besten durch das 
Fossil OH 16 veranschaulicht; die Zähne hinter dem Eckenzahn zeigen eine Reihe von 
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abgeleiteten Merkmalen, besonders in den Unter- und Oberkiefer-Prämolaren, die einen hohen 
Dentinkörper und ein reduziertes Talon/Talonid haben. In dieser Hinsicht ist OH 16 stärker 
abgeleitet als die frühe afrikanische H. erectus Stichprobe. OH 13, das geologisch jüngste 
Exemplar von H. habilis, zeigt nicht die gleiche Morphologie wie OH 16 und ist in mehreren 
Schlüsselmerkmalen weniger abgeleitet. Dies legt nahe, dass ein einfaches Modell der Evolution 
innerhalb der H. habilis-Linie über die Zeit unwahrscheinlich ist.   
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Distinct mandibular premolar 
crown morphology in Homo 
naledi and its implications 
for the evolution of Homo species 
in southern Africa
thomas W. Davies1,2*, Lucas K. Delezene3,4, Philipp Gunz1, Jean‑Jacques Hublin1,5, 
Lee R. Berger4, Agness Gidna6 & Matthew M. Skinner1,2,4
Homo naledi displays a combination of features across the skeleton not found in any other hominin 
taxon, which has hindered attempts to determine its placement within the hominin clade. Using 
geometric morphometrics, we assess the morphology of the mandibular premolars of the species at 
the enamel‑dentine junction (EDJ). Comparing with specimens of Paranthropus, Australopithecus and 
Homo (n = 97), we find that the H. naledi premolars from the Dinaledi chamber consistently display 
a suite of traits (e.g., tall crown, well‑developed  P3 and  p4 metaconid, strongly developed  P3 mesial 
marginal ridge, and a  P3 > p4 size relationship) that distinguish them from known hominin groups. 
Premolars from a second locality, the Lesedi Chamber, are consistent with this morphology. We also 
find that two specimens from South Africa, SK 96 (usually attributed to Paranthropus) and Stw 80 
(Homo sp.), show similarities to the species, and we discuss a potential evolutionary link between H. 
naledi and hominins from Sterkfontein and Swartkrans.
Homo naledi is a hominin species first described in 2015 based on remains from the Dinaledi Chamber in 
the Rising Star cave system in South  Africa1, and subsequently from a second chamber in the cave, the Lesedi 
 Chamber2. The species presents a combination of features not found in any other taxon, and attempts to inter-
pret its phylogenetic position within the hominin clade have proved difficult. There are remarkably modern 
features such as the morphology of the  foot3, as well as the morphology of the wrist and the relative length of the 
 thumb4. However, the cranial capacity is small, both absolutely and relative to body  size1,2, and there are primitive 
Australopithecus-like traits in the  fingers4, upper and lower  limbs5,6 and  pelvis7. Studies of the dental evidence 
have likewise revealed a unique combination of features. The permanent postcanine dentition is characterized by 
small teeth that retain principal molar cusps, but seemingly lack accessory crown traits common in other African 
hominin  groups1,8. However, the deciduous dentition shows a number of derived Paranthropus-like  traits9, and 
molar root metrics find similarities between H. naledi and South African Homo specimens SK 15 and SK 45, as 
well as KNM-ER 1805 from Koobi  Fora10.
Mandibular premolar morphology is particularly useful in studies of hominin  taxonomy11–15, and initial 
descriptions suggest the  P3 of H. naledi is highly distinctive. The tooth is absolutely small in size, double rooted, 
fully bicuspid, and has a symmetrical occlusal outline, a combination of features suggested to be unique among 
the hominin fossil  record1. Recent morphometric studies of the mandibular premolar enamel-dentine junction 
(EDJ) demonstrate that this method has the potential to be a powerful tool in distinguishing between hominin 
 taxa16,17. We therefore aim to further investigate this distinctive premolar morphology at the EDJ.
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We quantitatively assess the EDJ morphology of the H. naledi mandibular premolars  (P3 and  P4) using geo-
metric morphometrics (GM), and compare with specimens of Australopithecus, Paranthropus and Homo. In 
addition to the H. naledi teeth from the Dinaledi Chamber, our sample includes two worn teeth from the Lesedi 
chamber of the Rising Star Cave  system2.
We also include specimens from southern Africa that are key to elucidating the systematic placement of H. 
naledi. For example, Stw 80 consists of a crushed mandible and associated teeth from Sterkfontein Member 5 
West. The specimen is suggested to resemble SK  1518 and is assigned to Homo but not given a specific designa-
tion. SKX 21204, a juvenile mandibular fragment from Swartkrans Member 1 (Lower Bank), shows a number 
of features that distinguish the specimen from Paranthropus19. However, as with Stw 80, it has been assigned to 
Homo but not given a species level designation. Stw 151 (Sterkfontein Member 4) preserves the skull and denti-
tion of a juvenile that shows an overall affinity to A. africanus, but shows several derived early Homo features, 
particularly in cranial  morphology20. SK 96 is a mandible fragment traditionally assigned to Paranthropus, but 
whose  P3 and canine differ in some respects from other P. robustus  specimens21–23. Finally, the Cave of Hearths 
mandible, while poorly dated, is attributed to Homo and probably antedates the Dinaledi specimens of H. naledi 
by several hundred thousand  years24,25. It has not been assigned to a species, and Berger and colleagues have 
suggested the need for comparisons with H. naledi26. Thus, the diversity of Homo species, and their phyloge-
netic relationship to both Australopithecus and Paranthropus in southern Africa remains a topic of debate and 
in this study we examine for the first time the taxonomic signal in mandibular premolar morphology in these 
specimens and Homo naledi.
Materials and methods
Study sample. The study sample is summarised in Table  1 (full details can be found in Supplementary 
Table 1) and consists of 97 teeth (52  P3s and 45  P4s) from a range of hominin taxa, including 11 H. naledi pre-
molars. The sample was chosen to cover taxa endemic to southern Africa (P. robustus and Australopithecus afri-
canus), groups that have been suggested based on other aspects of the morphology to share a close resemblance 
with H. naledi (early Homo), as well as later Homo (Homo neanderthalensis and Homo sapiens) to allow us to 
identify traits that are primitive and derived for the genus. The early Homo sample used here includes specimens 
from eastern Africa that have been assigned to either H. erectus (KNM-ER 992 and KNM-ER 1507) or H. habilis 
(KNM-ER 1802, OH7, OH13), as well as SKX 21204 from Swartkrans and Stw 80 from Sterkfontein that have 
been assigned to Homo but not given a specific designation. Moreover, three specimens whose taxonomic posi-
tion is uncertain were here designated as indeterminate. These are Stw 151, Cave of Hearths and SK 96.
SK 96 consists of a small mandible fragment with the roots of the first deciduous molar, as well as a perma-
nent canine and third premolar. The specimen is often assigned to Paranthropus robustus but has been the focus 
of taxonomic debate. The premolar is unerupted, and  Tobias23 suggested that incomplete enamel deposition, 
along with a crack in the crown, meant that a reported high shape index for this tooth (within the range of Homo 
habilis) was not accurate. The associated canine was suggested to be particularly modern in morphology, with 
 Robinson21 suggesting that the tooth would have been classified as Telanthropus were it not for the morphology 
of the premolar. Microtomography allows us to digitally remove the crack through the premolar crown and to 
establish that, rather than being an incomplete germ, the enamel cap is fully formed with the exception of a very 
small portion of the cervix. The specimen was reconstructed to account for these factors, with several alternate 
reconstructions tested, details of which can be found in Supplementary Note 1 and Supplementary Figure 1.
Table 1.  Sample summary. The hominin taxa included in the sample are listed, along with the locality 
in which they were found, and the number of  P3s and  P4s that were included in each of the geometric 
morphometric analyses. a The complete analysis utilises all landmarks, while the worn analysis uses only a 
subset corresponding to those preserved in the premolars from the Lesedi (LES) chamber—see main text for 
full details). A full specimen list can be found in Supplementary Table 1. b Indeterminate specimens are Stw 151 
 (P3 and  P4), Cave of Hearths  (P3), and SK 96  (P3).
Taxa Locality P3/P4 Completea Worna
A. africanus Sterkfontein, South Africa
P3 5 5
P4 8 8
P. robustus Drimolen and Swartkrans, South Africa
P3 5 9
P4 8 8
Early Homo Koobi Fora, Kenya; Swartkrans and Sterkfontein, South Africa; Olduvai Gorge, Tanzania
P3 7 7
P4 5 6
H. naledi Rising Star, South Africa
P3 4 7
P4 3 4
H. neanderthalensis Combe Grenal and Le Regourdou France; Krapina, Croatia; Scladina, Belgium
P3 10 10
P4 8 8
Recent H. sapiens Anatomical collection, various locations
P3 11 11
P4 10 10
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terminology. The terminology used here to describe premolar morphology follows that of Davies and 
 colleagues16 and is outlined in Supplementary Figure 2. Terms refer to the EDJ rather than the OES unless oth-
erwise specified. Crown height at the EDJ can be divided into two components, referred to here as dentine body 
height and dentine horn height. Dentine body height refers to the distance between the cervix and the marginal 
ridge(s) that encircle the occlusal basin, while dentine horn height refers to the distance between the marginal 
ridges and the tip of the tallest dentine horn. Total crown height is the combination of the two.
Microtomography. Microtomographic scans of the premolar sample were obtained using either a SkyScan 
1,173 at 100–130 kV and 90–130 microA, a BIR ACTIS 225/300 scanner at 130 kV and 100–120 microA, a 
Diondo d3 at 100–140 kv and 100–140 microA and reconstructed as 16-bit tiff stacks, or Nikon XTek at 75 kV 
and 110 microA (isometric voxel resolutions ranging from 13–45 microns).
Image filtering. The image stacks for each premolar were filtered in order to facilitate the segmentation 
of enamel from dentine. Two filters were applied; a three-dimensional median filter and a mean of least vari-
ance filter, both with a kernel size of one or three. The kernel size was decided manually by assessing the level 
of contrast between enamel and dentine in the original scan (those with lower contrast required a kernel size of 
three). This process improves the homogeneity of the greyscale values for the enamel and dentine, and sharpens 
the boundaries at the interface between tissue  types27, and the effect of this process on the morphology of the 
EDJ has previously been shown to be  minimal28. Filters were implemented using MIA open source  software29.
tissue segmentation and landmark collection. The filtered image stacks were processed using Avizo 
6.3 (https ://www.vsg3D .com) in order to produce surface models of the EDJ. Enamel and dentine were seg-
mented using a semi-automatic process that separates voxels based on greyscale values. In some cases, tissue 
classes are less distinct even after image filtering, making segmentation difficult or impossible using this method. 
In these cases, a seed growing watershed algorithm was employed via a custom Avizo plugin to segment enamel 
from dentine, before being checked manually. Once enamel and dentine have been segmented, a triangle based 
surface model of the EDJ was produced using the unconstrained smoothing parameter in Avizo, and saved in 
polygon file format (.ply).
In some cases, dental wear removed dentine horn tips. Where this wear was minimal and multiple observers 
were confident of the dentine horns original position, dentine horns were reconstructed using surface modifica-
tion tools in Geomagic Studio 2014 (https ://www.geoma gic.com). This was restricted to cases in which the wear 
was less than wear level 3 as defined by  Molnar30.
Landmark collection and derivation of homologous landmark sets. 3D landmarks were collected 
in Avizo 6.3, and homologous landmarks were derived using a software routine written by Philipp  Gunz31,32 
implemented in Mathematica 10.0 (https ://www.wolfr am.com). This was done following a previously described 
 protocol16 outlined in Supplementary Figure 2.
Inclusion of specimens from Lesedi Chamber. Two H. naledi premolars from the Lesedi Chamber 
(a third and fourth premolar from the LES1 mandible) show substantial wear such that the dentine horns are 
almost entirely missing. Therefore, a separate analysis was run in which landmarks corresponding to the worn 
regions of these teeth were not included, and only the shape of the remaining portion of the EDJ ridge, as well 
as the cementum-enamel junction (CEJ) ridge, were included. This was done separately for  P3s and  P4s to reflect 
the slightly different patterns of wear in the two teeth. A further two worn  P3s from the Dinaledi chamber were 
also included in this analysis to increase the sample size, however no further  P4s were included.
Analysis of EDJ and CEJ shape and size. A principal components analysis (PCA) was carried out using 
the Procrustes coordinates of each specimen in shape space. This was completed separately for  P3s and  P4s, firstly 
utilising all landmarks (complete analysis), then subsequently with only the landmarks preserved on the Lesedi 
specimens (worn analysis). The specimens included in each analysis are listed in Supplementary Table 1.
The size of specimens was analysed using the natural logarithm of centroid size and visualised using boxplots. 
We also tested for differences between H. naledi and the other taxa using permutation tests for shape (using 
Procrustes coordinates) and separately for size (using the natural logarithm of centroid size). Permutation tests 
were carried out in Mathematica 10.0, using 100,000 permutations. A pooled Homo sp. sample was used in order 
to maximise sample size, and the Benjamini–Hochberg procedure was used to control the false discovery  rate33. 
The permutation test, as well as the centroid size boxplot, used data from the worn analysis in order to maximise 
the sample size of H. naledi.
Visualisation of EDJ shape variation. PCA plots of the first two principal components (PCs) were gen-
erated separately for  P3s and  P4s for both the worn and complete analyses, for the purpose of displaying the vari-
ation present in the sample. Further, surface warps were used to visualise the shape changes along the first two 
PCs in the complete analysis for  P3s and  P4s. Here, a reference EDJ surface was created for both the  P3 and  P4, 
which was warped to display the morphology of a hypothetical specimen occupying the extreme ends of each 
PC, defined as two standard deviations from the mean. The surface warps were generated using Mathematica 
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Results
complete analysis. Principal component analysis of EDJ and CEJ shape reveals that H. naledi  P3s are dis-
tinct from other hominin taxa (Fig. 1a). PC1 separates modern humans, Neanderthals and the Cave of Hearths 
individual from earlier taxa and H. naledi. This is largely driven by the taller dentine body height seen in later 
taxa, the reduction of the talonid region, a reduced metaconid, and a symmetrical crown base (Fig. 1b). For this 
principal component, all H. naledi specimens occupy a similar range to early Homo specimens, as well as some 
P. robustus and A. africanus specimens. This placement reflects the presence in H. naledi  P3s of a moderately 
tall dentine body height, a talonid that is somewhat expanded, and an asymmetrical crown base. Homo naledi 
occupies the negative end of PC2, which separates the species from other fossil hominin taxa. This separation 
is driven largely by a combination of a high mesial marginal ridge and a mesially placed metaconid, relative to 
other taxa. PC2 is particularly important in separating H. naledi from H. erectus and Swartkrans Homo specimen 































Figure 1.  P3 EDJ shape variation—complete analysis. (a) PCA plot showing the first two principal components 
(PCs) of variation in  P3 EDJ and CEJ shape. PC1 = 61.2% total variation, PC2 = 12.5%. (b) Surface warps 
depicting the morphological changes captured by each principal component, with labels indicating a number 
of important features. A. afr = Australopithecus africanus; H. ere = Homo erectus; H. hab = Homo habilis; H. 
nal = Homo naledi; H. nea = Homo neanderthalensis; H. sap = Homo sapiens; P. rob = Paranthropus robustus. 
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early Homo specimens included here, instead falling closest to A. africanus. Paranthropus robustus falls closest 
to H. naledi, reflecting the shared presence of a number of the aforementioned features, including an asym-
metrical crown base, a mesially placed metaconid and a high mesial marginal ridge. In the first two principal 
components, some P. robustus specimens plot particularly close to H. naledi, however all are well separated in 
PC3 (Fig. 2). Within the space of the first three PCs, SK 96 falls intermediate between P. robustus and H. naledi. 
This intermediate position reflects the presence in SK 96 of a combination of features; aligning the specimen with 
H. naledi are the somewhat reduced talonid, mesiodistally expanded occlusal basin and buccolingually narrower 
crown base, relative to P. robustus. However, the specimen also has a smaller metaconid than is typical of H. 
naledi, which is seen in some P. robustus specimens. 
When looking at  P4s, PC1 again separates modern humans and Neanderthals from other taxa (Fig. 3a), while 
PC2 distinguishes between modern humans and Neanderthals. Homo naledi occupies an intermediate posi-
tion along PC1, which, as in the  P3, is largely driven by dentine body height and talonid development (Fig. 3b). 
Although the talonid in H. naledi is relatively large, as in P. robustus, A. africanus and early Homo, the dentine 
body is taller than in these groups, which explains its intermediate position along the PC1. While PC2 does 
not distinguish between P. robustus and A. africanus, it does separate H. naledi from early Homo specimens, 
particularly H. erectus and SKX 21204. This is influenced by the height of the metaconid, as well as the length 
of the occlusal basin in the mesiodistal direction. In the case of H. naledi, the metaconid is tall, as in the  P3, 
and the crown is mesiodistally expanded. This is particularly noticeable when comparing with H. erectus from 
Koobi Fora and SKX 21204, which have mesiodistally short crowns that are roughly circular in occlusal view. 
Another feature that contributes to PC2 and distinguishes between H. naledi and early Homo specimens is the 
buccolingually narrow shape of the H. naledi crown base.
Worn analysis. As the LES1 premolars are worn beyond the stage where the dentine horns could be recon-
structed, landmarks that correspond to worn regions of the crown were dropped from the analysis. Importantly, 
landmarks and semilandmarks for the protoconid and metaconid are excluded, meaning that the height of the 
dentine horns is not considered but dentine body height is captured. PCA plots for this analysis are shown in 
Fig. 4, where it can be seen that both LES1 premolars  (P3 and  P4) cluster closely with those of the Dinaledi cham-
ber, indicating that there is little difference in premolar morphology between individuals from the two cham-
bers. Further, the overall distribution of hominin specimens remains largely the same as in the complete analysis, 
















Figure 2.  P3 EDJ shape variation—complete analysis. PCA plot showing the variation in the first three 
principal components, highlighting the position of SK 96 along PC3. PC1 = 61.2% total variation, PC2 = 12.5%, 
PC3 = 6.4%. A. afr = Australopithecus africanus; H. ere = Homo erectus; H. hab = Homo habilis; H. nal = Homo 
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other hominin taxa, and the Cave of Hearths specimen of uncertain affinity, in the worn analysis, suggesting 
that the height of the protoconid and metaconid are not the only aspects of premolar shape that contribute to 
the observed patterns. This analysis also allows the inclusion of the worn Stw 80 premolars. The Stw 80  P3 falls 
closest to modern humans in Fig. 4, however it is also relatively close to the H. habilis range of variation. It is 
well-separated from Koobi Fora H. erectus specimens and Stw 151, although it is closer to SKX 21204. The Stw 80 
 P4 falls closer to the H. naledi range of variation and is well-separated from H. erectus and H. habilis specimens, 
as well as SKX 21204, Stw 151, and Cave of Hearths.
The permutation tests for  P3 and  P4 shape were completed using the worn analysis in order to increase 
sample sizes, particularly for H. naledi. This showed that the H. naledi  P3 can be statistically distinguished from 
all other taxa in shape, including the combined early Homo sample (Table 2). For the  P4 shape, H. naledi was 
found to differ from all other taxa except H. neanderthalensis and the pooled early Homo sample. Neanderthals 
are clearly distinct from H. naledi in Fig. 4, and only STW 80 is close to the H. naledi range of variation in the 

























Figure 3.  P4 EDJ shape variation—complete analysis. (a) PCA plot showing the first two principal components 
(PCs) of variation in  P4 EDJ and CEJ shape. PC1 = 56.7% total variation, PC2 = 10.3%. (b) Surface warps 
depicting the morphological changes captured by each principal component, with labels indicating a number 
of important features. A. afr = Australopithecus africanus; H. ere = Homo erectus; H. hab = Homo habilis; H. 
nal = Homo naledi; H. nea = Homo neanderthalensis; H. sap = Homo sapiens; P. rob = Paranthropus robustus. 









































Figure 4.  PCA plots of EDJ shape variation – worn analysis including a  P3 and  P4 from the Lesedi Chamber 
(marked with stars). Lesedi specimens are particularly worn, so only landmarks representing preserved 
regions in these specimens were included here.  P3 PC1 = 57.3% total variation, PC2 = 11.5%;  P4 PC1 = 56.5%, 
PC2 = 12.1%. A. afr = Australopithecus africanus; H. ere = Homo erectus; H. hab = Homo habilis; H. nal = Homo 
naledi; H. nea = Homo neanderthalensis; H. sap = Homo sapiens; P. rob = Paranthropus robustus. 
Table 2.  Permutation tests for shape (using Procrustes coordinates) and centroid size to test for differences 
between H. naledi and the four comparative taxa. The Lesedi (subset) landmark data was used here to 
maximise sample size and to allow inclusion of the LES1 specimens. Bold indicates p < 0.05.
H. naledi vs… A. africanus P. robustus Homo sp. H. neanderthalensis H. sapiens
P3 shape 0.018 0.045 0.030 0.015 0.016
P3 size 0.031 0.001 0.072 0.395 0.001
P4 shape 0.018 0.015 0.060 0.111 0.025
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Size. Specimen size was analysed using the centroid sizes calculated in the worn analysis, again to maximize 
sample sizes. Figure 5 shows a boxplot of these results, and the results of the permutation test for differences 
between each taxon and H. naledi can be found in Table 2. Homo naledi specimens are small compared to those 
of other taxa; the  P3 and  P4 are significantly smaller than those of P. robustus and A. africanus, while the  P4s are 
also significantly smaller than the combined Homo sample. Both premolars are significantly larger than H. sapi-
ens, and are approximately the same size as those of Neanderthals. The LES1 premolars are slightly larger than 
the Dinaledi specimens included here; this is more noticeable for the  P4 than the  P3, although there are fewer 
Dinaledi  P4s in the sample and it is possible that the inclusion of more specimens would change this.
Interestingly, H. naledi is the only taxon included here for which the mean  P4 size is markedly smaller than 
the mean  P3 size, a pattern present in both Dinaledi and Lesedi premolar pairs Two H. erectus pairs from Koobi 
Fora, KNM-ER 992 and KNM-ER 1507, show a sub-equal size difference, while in H. habilis individuals OH7 and 
KNM-ER 1802 the  P4 is clearly larger. However, this pattern is also reproduced in Sterkfontein Homo specimen 
STW 80, while STW 151 has approximately the same size  P3 and  P4.
Discussion
The mandibular premolars of H. naledi, particularly the  P3, were described as showing several distinctive 
 features1. We find this distinctiveness is also evident at the EDJ, with a distinct cluster of H. naledi premolars sepa-
rated from all other taxa in EDJ shape, and consistently displaying a suite of distinctive features (Supplementary 
Figure 3). This includes a high  P3 mesial marginal ridge, a tall mesially placed  P3 metaconid, and a mesiodistally 
expanded  P4 crown. Further, the premolars from the Lesedi Chamber cluster closely with the Dinaledi Chamber 
specimens in shape space (Fig. 4). Although the centroid size of both LES1 premolars is outside the range of the 
Dinaledi specimens, the difference is very small for the  P3. There is a larger difference for the  P4, however only a 
small number of Dinaledi  P4s were included, and it is possible that this difference would not be maintained with 
a larger sample, particularly as there is no size difference evident from linear measurements of teeth from the two 
 chambers1, 2. Previous studies have suggested that H. naledi may have occupied a unique dietary niche consisting 
of foods with a high level of dust/grit contaminants, as reflected in the wear resistance of the  molars34 and the 
high level of dental  chipping35. Although studies of the EDJ cannot address these hypotheses directly, our results 
would be consistent with H. naledi occupying a dietary niche distinct from that seen in other hominin groups.
Previous studies have noted low levels of variation within the H. naledi sample when compared with other 
hominin  taxa1,2,34,36. We similarly find a homogenous EDJ morphology in H. naledi premolars both within the 
Dinaledi Chamber, and between the Dinaledi and Lesedi chambers. A previous study of the  P3 EDJ including 
a broader sample of fossil hominins and extant apes supports the suggestion that H. naledi is unusual in its 
homogeneity, with seemingly less variation in size and shape than a subspecies of chimpanzee (Pan troglodytes 
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Figure 5.  Boxplot of premolar centroid size. Plots show the natural logarithm of centroid size for the  P3 and 
 P4 of each taxon in the landmark drop analysis, as well as four specimens not assigned to any of these taxa. H. 
naledi specimens from the Lesedi Chamber are separated from the Dinaledi chamber sample and are marked 
with a star. Homo sp. specimens are (1) KNM-ER 1802; (2) KNM-ER 992; (3) KNM-ER 1507; (4) STW 80 
5) STW 151 (6) OH7; (7) OH13; (8) SKX 21204; (9) Cave of Hearths. Note: STW 151 and Cave of Hearths 
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Dental morphology is thought to be highly heritable, so it is possible that this low level of dental variation reflects 
low genetic diversity. In African apes, it seems that population structure is important in understanding levels 
of dental variation; gorillas show hierarchical levels of dental variation such that there is more variation at the 
species than subspecies level, while in chimpanzees the subspecies and species levels of variation are roughly 
similar. Similarly, in modern humans there appears to be high levels of intra-population variability in premolar 
EDJ  shape38. In sum, low levels of dental variability could suggest the H. naledi remains are from relatively closely 
related individuals in a single population. However, we also cannot rule out that there are also functional or 
ecological factors contributing to this uniformity, or that a larger sample of H. naledi premolars would reveal a 
larger degree of variation than seen in this study. A study of EDJ morphology among extant individuals of known 
relatedness would be useful in interpreting levels of EDJ variation in fossil taxa.
The H. naledi premolars are small, overlapping with those of Neanderthals. The  P4s, in particular, are small 
relative to the sample of Australopithecus, Paranthropus, H. erectus from Koobi Fora (KNM-ER 992, KNM-ER 
1507), and H. habilis (OH 7 and KNM-ER 1802). The size relationship between the premolars in H. naledi is 
unusual amongst the hominin sample used here. Australopithecus africanus, P. robustus and H. habilis have a 
larger  P4 than  P3 (this pattern is evident from the median for each group as shown in Fig. 5, and is consistent 
among individuals for which both premolars are preserved—Supplementary Table 1), while Neanderthals and 
modern humans have premolars that largely overlap in size. However, in H. naledi the mean  P4 size is smaller 
than that of the  P3.
Previous studies find that some African and European Pleistocene Homo groups display a  P3 > P4 ratio when 
considering planimetric crown area, including H. ergaster39,40, we do find that the  P4 is smaller in KNM-ER 992 
and KNM-ER 1507, however the difference is extremely small. Using centroid size of the partial EDJ is likely to 
give somewhat different results to planimetric area or linear dimensions since the thickness of the enamel is not 
considered, and size of the dentine crown is measured in three dimensions. Interestingly, although STW 80 has 
overall larger premolars than H. naledi, it is the only early Homo specimen to show a  P3 > P4 pattern. However, 
relatively few specimens in the comparative sample preserve a  P3 and a  P4, so further investigation is required 
to determine the consistency of this pattern within individuals.
Variation in  P3:P4 size has been studied by a number of  authors22,40–42 and may have particular taxonomic 
importance. Some have suggested that the anterior and posterior dentitions are somewhat independent, and that 
in this case the  P4 would covary with the molars, while the  P3 would covary more with the canine. In this case 
however, we would expect the H. naledi canines to be relatively large, which is not the  case2. More recently, mouse 
models have suggested the existence of an inhibitory cascade model in which the size of a tooth is dependent on 
inhibition from previously developing teeth. The size of the primary postcanine teeth (deciduous molars and 
permanent molars) can be understood in this  context43, however the situation is more complex for mandibular 
premolars as they develop after the deciduous molars, permanent canine and permanent first molar. A study 
considering the size of the entire tooth row would be necessary to investigate whether or not the observed tooth 
size patterns in H. naledi fit the expectations of this model.
Despite abundant features throughout the H. naledi skeleton that are reasonably interpreted as primitive for 
Homo, the premolars of H. naledi evince a number of very clear differences from the majority of the early Homo 
specimens included here. Moreover, we found a significant difference between H. naledi and a combined early 
Homo group in  P3 shape (Table 2). For both  P3 and  P4, PC2 distinguishes between H. naledi, H. habilis and H. 
erectus, with H. erectus and H. naledi occupying the extremes. This axis relates to the placement of the metaconid 
in both premolars (mesial in H. naledi, distal in H. erectus), the development of the  P3 mesial marginal ridge (high 
in H. naledi, lower in H. erectus), the relative mesiodistal length of the  P4 crown (longer in H. naledi, shorter in H. 
erectus) and the relative buccolingual width of the crown base in both premolars (narrower in H. naledi, longer 
in H. erectus). In this respect, H. habilis is intermediate, and much more closely resembles the Australopithecus 
condition (Figs. 1 and 3), as would be expected for a species basal to the genus Homo. Our results suggest that 
the two derived premolar morphologies represented by H. naledi and H. erectus could have evolved separately 
from a more generalised H. habilis-like ancestral condition. The alternative explanation of character transforma-
tion series that resembles H. habilis–H. erectus–H. naledi, would require reversals in a number of the features 
mentioned above. However, H. naledi postdates the H. erectus specimens included here by around 1.5 million 
years, which would be more than enough time for these changes to take place. Further, the sample used here is 
limited with respect to early Homo, so we should be cautious in these conclusions.
Swartkrans specimen SKX 21204 has been assigned to Homo19, but has not been given a specific designation. 
Here the  P3 and  P4 cluster more closely to eastern African H. erectus than H. habilis, with the  P4 particularly close 
to KNM-ER 992 in shape space (Fig. 3). Although SKX 21204 is small, similar to H. naledi when considering 
centroid size (Fig. 5), size appears to be variable in a number of taxa, and the shape of the premolars suggests 
that (1) the specimen is clearly distinguished from H. naledi and (2) among our sample, the specimen is a good 
match for African H. erectus. STW 151 was suggested to possibly represent an individual more derived towards 
Homo than other Sterkfontein A. africanus  specimens20. Here we find that both  P3 and  P4 are close to, but not 
within, the A. africanus range of shape variation, and neither premolar shows any particular affinity to early Homo 
specimens, or those of H. naledi. However, it should be noted that the features aligning the specimen with early 
Homo were mostly in other areas of the dentition and the cranium, rather than the mandibular premolars. The 
Cave of Hearths  P3 most closely resembles Neanderthals, and is clearly distinct from H. naledi (for more details 
on this specimen, see refs 15,16). As with the H. erectus specimens, positing the Cave of Hearths specimen as an 
ancestor of H. naledi would entail a number character reversals. The Cave of Hearths  P3 is better fit as a human 
ancestral form than it is an ancestral form for H. naledi.
Stw 80 is a crushed mandible from Sterkfontein Member 5 West assigned to early Homo44, and has been sug-
gested to show strong similarities to SK 15 from  Swartkrans18. We find that the  P3 morphology is unusual; it has 
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narrow anterior fovea and a large accessory crest in the posterior fovea. This combination of traits is not seen in 
any other specimens in our sample, and the worn analysis does not show clear affinities between the  P3 and any of 
the hominin taxa included here. Unfortunately, the protoconid of both  P3 and  P4 are worn, precluding assessment 
of the relative cusp heights, which can be useful in distinguishing between taxa. The  P4 falls relatively close to 
H. naledi in Fig. 4, driven partly by the combination of a tall dentine body and a mesiodistally expanded crown. 
This combination distinguishes H. naledi from the H. habilis and H. erectus specimens in our sample, possibly 
representing a H. naledi apomorphy. Equally, Stw 80 shows a  P3 > P4 pattern, which, as discussed earlier, may 
be a H. naledi apomorphy. The shared presence of these derived traits could suggest a phylogenetic relationship 
between this specimen and H. naledi, however further investigation involving the entire tooth row would be 
necessary to investigate this further as it is possible that the similarities we have outlined are due to homoplasy. 
It is important to note that while the majority of the teeth of Stw 80 are too damaged to measure, the mesiodistal 
length of both the canine and  M3 are larger than in H. naledi1,44.
The taxon that falls closest to H. naledi in  P3 shape in the first two PCs is P. robustus (Fig. 1), which is driven 
by both taxa sharing a tall mesially placed metaconid and well-developed marginal ridges. The talonid is also 
somewhat expanded in both taxa, although more so in P. robustus. The taxa are separated in PC3 however (Fig. 2), 
which reflects in part the difference in talonid size, as well as the crown being mesiodistally longer in H. naledi. 
Further, there are size differences between the two taxa (Fig. 5) and the permutation test found them significantly 
different in both shape and size (Table 2). Equally, the  P4 of H. naledi falls closer to A. africanus than P. robustus 
(Fig. 2) and is significantly smaller than both A. africanus and P. robustus (Table 2, Fig. 5). It is therefore possible 
that the similarities between these two taxa in  P3 morphology are due to homoplasy.
The picture is more complicated when considering SK 96 however (Fig. 6); the specimen is from Member 1 at 
Swartkrans, and consists of a mandible fragment, canine and  P3. The premolar was found to have a more mesio-
distally expanded crown than other P. robustus  P3s21, however this was attributed to the tooth being incomplete 
and  cracked23. After verifying that the crown is all-but complete, and fixing the crack, we find that the specimen 
is smaller in centroid size than any other P. robustus  P3 included (n = 9), instead falling within the range of the 
 P3s of Neanderthals, H. habilis and slightly above the H. naledi size range. Further, the shape of the EDJ is outside 
the range of P. robustus, instead occupying a space between P. robustus, H. habilis, and H. naledi in the first 3 
PCs (Fig. 2). A feature of Paranthropus is the very large  P3 talonid; SK 96 instead has a moderate talonid more 
similar to H. habilis and H. naledi. Equally however, SK 96 does not show the clearly well-developed metaconid 
typical of H. naledi, instead showing a smaller metaconid similar to that found in in some P. robustus and H. 
habilis specimens.
SK 96 also preserves a lower canine and part of the roots of a deciduous first molar. The canine was 
described as showing a particularly modern  morphology22, and is the smallest P. robustus specimen in crown 
 dimensions22,45–47. The crown size is also smaller than H. habilis but is within the range of H. naledi. However it 
does not have the typical H. naledi canine morphology (Supplementary Figure 4); the SK 96 crown is less asym-
metrical, more rounded, and lacks a distal accessory  cuspule1,2. The canine of OH 7 and OH 13 are also markedly 
asymmetrical, and have moderately developed distal  cuspules41, differentiating them from SK 96.
If SK 96 does belong to P. robustus, it would be extreme for the species in premolar shape (Fig. 2) and size 
(Fig. 5, also see  refs22,45), as well as canine  size22,45,46. It would also suggest that traits considered to be characteristic 
Figure 6.  P3 surface warps for mean models of Homo naledi and Paranthropus as well as SK 96. Note, SK 96 is 
left sided, but the surface warp is here shown as right sided for comparative purposes. Surface warp images were 
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of the species, such as expansion of the  P3 talonid, are less pronounced in some individuals. Therefore, it is pos-
sible that this specimen instead represents Homo; although there are differences in canine morphology, the SK 
96  P3 shares some features with H. habilis. Member 1 at Swartkrans contains a number of specimens assigned 
to Homo, including SK 27 and SK 45, and it is possible that SK 96 represents the same taxon as these specimens, 
as well as SK 15 from Member 2.
Also worthy of note are the similarities between these specimens and H. naledi (See Supplementary Figure 5a). 
SK 96 resembles H. naledi in  P3 morphology more closely than any other specimen included here, while Stw 80 
falls closest to H. naledi in  P4 shape, and shares the species’  P3 > P4 pattern. This would also be consistent with the 
finding that two key Swartkrans Homo specimens (SK 15 and 45) share a number of molar root characteristics 
with H. naledi10. On the other hand, SKX 21204 also derives from Swartkrans Member 1 (Lower Bank) and is 
here found to show a number of clear differences in  P3 morphology from SK 96 (see Supplementary Figure 5a,b). 
SKX 21204 is a better fit for H. erectus based on premolar morphology, which could suggest the presence of 
multiple non-P. robustus taxa in Swartkrans Member 1. Further investigation is needed to fully assess whether 
these differences are sufficient to warrant species-level separation.
The similarities between SK 96 and H. naledi could be further  evidence10 for some phylogenetic link between 
hominins at Swartkrans and H. naledi, while the similarities with Stw 80 may suggest a similar link with Sterk-
fontein hominins. This is striking given that both Swartkrans Member 1 and Sterkfontein Member 5 West are 
suggested to predate H. naledi by more than a million  years18,24,48–50, and would suggest that H. naledi represents 
a long surviving lineage that split from other members of the genus Homo relatively early. In this regard, the Cave 
of Hearths specimen is notable because it evinces a more human-like morphology and likely antedates the dated 
H. naledi material by hundreds of thousands of years. However, it is also possible that the similarities between 
these specimens and H. naledi are due to homoplasy. It should be noted that although SK 96 and STW 80 show 
similarities to H. naledi individually, their  P3 morphologies are not especially similar to one another. Overall, the 
Sterkfontein and Swartkrans early Homo assemblage does not appear to be homogenous in premolar morphology. 
It is therefore important that the remaining dentition and mandibular morphologies of these specimens are also 
investigated and compared to H. naledi where possible to allow us to assess all available evidence.
conclusions
Overall, we find that there are a number of aspects of mandibular premolar EDJ morphology that are distinctive 
in H. naledi when compared to a broad sample of hominins, including a number of key early Homo specimens. 
The morphology of the H. naledi premolars is highly consistent and homogeneous when compared with other 
samples included here, and distinctive traits are displayed consistently throughout the collection including 
a tall well-developed metaconid in both the  P3 and  P4, a relatively mesiodistally long  P4 crown, and strongly 
developed mesial marginal ridges. The worn LES1 premolars are also consistent with this morphology. This 
distinctive morphology may be useful in the future in identifying further specimens of H. naledi, potentially 
from limited and fragmentary remains. We also suggest that SK 96, previously attributed to P. robustus, differs 
from the hypodigm in  P3 EDJ morphology and may instead represent Homo. The specific designation of the 
specimen, and the relationship between this and other South African Homo specimens, including Stw 80 from 
Sterkfontein, requires further investigation.
Data availability
The datasets generated during the current study are available from the corresponding author on reasonable 
request.
Received: 25 March 2020; Accepted: 22 July 2020
References
 1. Berger, L. R. et al. Homo naledi, a new species of the genus Homo from the Dinaledi Chamber, South Africa. eLife 4, e09560 (2015).
 2. Hawks, J. et al. New fossil remains of Homo naledi from the Lesedi Chamber, South Africa. Elife 6, e24232 (2017).
 3. Harcourt-Smith, W. E. H. et al. The foot of Homo naledi. Nat. Commun. 6, 8432 (2015).
 4. Kivell, T. L. et al. The hand of Homo naledi. Nat. Commun. 6, 8431 (2015).
 5. Feuerriegel, E. M. et al. The upper limb of Homo naledi. J. Hum. Evol. 104, 155–173 (2017).
 6. Marchi, D. et al. The thigh and leg of Homo naledi. J. Hum. Evol. 104, 174–204 (2017).
 7. VanSickle, C. et al. Homo naledi pelvic remains from the Dinaledi Chamber, South Africa. J. Hum. Evol. 125, 122–136 (2018).
 8. Irish, J. D., Bailey, S. E., Guatelli-Steinberg, D., Delezene, L. K. & Berger, L. R. Ancient teeth, phenetic affinities, and African 
hominins: Another look at where Homo naledi fits in. J. Hum. Evol. 122, 108–123 (2018).
 9. Bailey, S. E., Brophy, J. K., Moggi-Cecchi, J. & Delezene, L. K. The deciduous dentition of Homo naledi: A comparative study. J. 
Hum. Evol. 136, 102655 (2019).
 10. Kupczik, K., Delezene, L. K. & Skinner, M. M. Mandibular molar root and pulp cavity morphology in Homo naledi and other 
Plio-Pleistocene hominins. J. Hum. Evol. 130, 83–95 (2019).
 11. Suwa, G. A Comparative Analysis of Hominid Dental Remains from the Sungura and Usno Formations, Omo Valley, Ethiopia. 
Ph.D. thesis, University of California, Berkeley (1990).
 12. Wood, B. A. & Uytterschaut, H. Analysis of the dental morphology of Plio-Pleistocene hominids. III. Mandibular premolar crowns. 
J. Anat . 154, 121–156 (1987).
 13. Bailey, S. E. & Lynch, J. M. Diagnostic differences in mandibular P4 shape between Neandertals and anatomically modern humans. 
Am. J. Phys. Anthropol. 126, 268–277 (2005).
 14. Delezene, L. K. & Kimbel, W. H. Evolution of the mandibular third premolar crown in early, Australopithecus. J. Hum. Evol. 60, 
711–730 (2011).
 15. Davies, T. W., Delezene, L. K., Gunz, P., Hublin, J. J. & Skinner, M. M. Endostructural morphology in hominoid mandibular third 





Scientific RepoRtS |        (2020) 10:13196  | https://doi.org/10.1038/s41598-020-69993-x
www.nature.com/scientificreports/
 16. Davies, T. W., Delezene, L. K., Gunz, P., Hublin, J. J. & Skinner, M. M. Endostructural morphology in hominoid mandibular third 
premolars: Geometric morphometric analysis of dentine crown shape. J. Hum. Evol. 133, 198–213 (2019).
 17. Pan, L. et al. Further morphological evidence on South African earliest Homo lower postcanine dentition: Enamel thickness and 
enamel dentine junction. J. Hum. Evol. 96, 82–96 (2016).
 18. Kuman, K. & Clarke, R. J. Stratigraphy, artefact industries and hominid associations for Sterkfontein, Member 5. J. Hum. Evol. 38, 
827–847 (2000).
 19. Grine, F. E. New hominid fossils from the Swartkrans formation (1979–1986 excavations): Craniodental specimens. Am. J. Phys. 
Anthropol. 79, 409–449 (1989).
 20. Moggi-Cecchi, J., Tobias, P. V. & Beynon, A. The mixed dentition and associated skull fragments of a juvenile fossil hominid from 
Sterkfontein, South Africa. Am. J. Phys. Anthropol. 106, 425–465 (1998).
 21. Robinson, J. T. Homo ‘habilis’ and the australopithecines. Nature 205, 121–124 (1965).
 22. Robinson, J. T. The Dentition of Australopithecinae (Transvaal Museum, Pretoria, 1956).
 23. Tobias, P. V. The distinctiveness of Homo habilis. Nature 209, 953–957 (1966).
 24. Dirks, P. H. et al. The age of Homo naledi and associated sediments in the Rising Star Cave, South Africa. Elife 6, e24231 (2017).
 25. McNabb, J. et al. The Cave of Hearths: Makapan Middle Pleistocene Research Project: Field Research by Anthony Sinclair and Patrick 
Quinney, 1996–2001 (Archaeopress, Oxford, 2009).
 26. Berger, L. R., Hawks, J., Dirks, P. H., Elliott, M. & Roberts, E. M. Homo naledi and Pleistocene hominin evolution in subequatorial 
Africa. Elife 6, e24234 (2017).
 27. Schulze, M. A. & Pearce, J. A. A morphology-based filter structure for edge-enhancing smoothing. In Proc. 1st Intn. Conf. Img. 
Proc. Vol. 2, 530–534 (1994).
 28. Skinner, M. M. Enamel-dentine junction morphology of extant hominoid and fossil hominin lower molars. Ph.D. thesis, George 
Washington University (2008).
 29. Wollny, G. et al. MIA-A free and open source software for gray scale medical image analysis. Source Code Biol. Med. 8, 20 (2013).
 30. Molnar, S. Human tooth wear, tooth function and cultural variability. Am. J. Phys. Anthropol. 34, 175–189 (1971).
 31. Gunz, P. & Mitteroecker, P. Semilandmarks: A method for quantifying curves and surfaces. Hystrix 24, 103–109 (2013).
 32. Gunz, P., Mitteroecker, P. & Bookstein, F. Semilandmarks in three dimensions. In Modern Morphometrics in Physical Anthropology 
(ed. Slice, D. E.) 73–98 (Springer US, New York, 2005).
 33. Benjamini, Y. & Hochberg, Y. Controlling the false discovery rate: A practical and powerful approach to multiple testing. J. R. Stat. 
Soc. B 57, 289–300 (1995).
 34. Berthaume, M. A., Delezene, L. K. & Kupczik, K. Dental topography and the diet of Homo naledi. J. Hum. Evol. 118, 14–26 (2018).
 35. Towle, I., Irish, J. D. & De Groote, I. Behavioral inferences from the high levels of dental chipping in Homo naledi. Am. J. Phys. 
Anthropol. 164, 184–192 (2017).
 36. Delezene, L. K. et al. Metric variation in Homo naledi molars. Am. J. Phys. Anthropol. 162, 160 (2017).
 37. Pilbrow, V. C. Dental variation in African apes with implications for understanding patterns of variation in species of fossil apes. 
Ph.D. thesis, New York University (2003).
 38. Krenn, V. A. et al. Variation of 3D outer and inner crown morphology in modern human mandibular premolars. Am. J. Phys. Anth. 
169, 646–663 (2019).
 39. Bermúdez de Castro, J. M., Rosas, A. & Nicolas, M. E. Dental remains from Atapuerca-TD6 (Gran Dolina site, Burgos, Spain). J. 
Hum. Evol. 37, 523–566 (1999).
 40. Bermúdez de Castro, J. & Nicolás, M. Changes in the lower premolar-size sequence during hominid evolution. Phylogenetic 
implications. Hum. Evol. 11, 205–215 (1996).
 41. Tobias, P. V. The Skulls, Endocasts, and Teeth of Homo habilis (Cambridge University Press, Cambridge, 1991).
 42. Bermúdez de Castro, J. M. A. The Atapuerca dental remains New evidence (1987–1991 excavations) and interpretations. J. Hum. 
Evol. 24, 339–371 (1993).
 43. Evans, A. R. et al. A simple rule governs the evolution and development of hominin tooth size. Nature 530, 477–480 (2016).
 44. Moggi-Cecchi, J., Grine, F. E. & Tobias, P. V. Early hominid dental remains from Members 4 and 5 of the Sterkfontein Formation 
(1966–1996 excavations): Catalogue, individual associations, morphological descriptions and initial metrical analysis. J. Hum. 
Evol. 50, 239–328 (2006).
 45. Moggi-Cecchi, J., Menter, C., Boccone, S. & Keyser, A. Early hominin dental remains from the Plio-Pleistocene site of Drimolen, 
South Africa. J. Hum. Evol. 58, 374–405 (2010).
 46. Wood, B. A. Koobi Fora Research Project: Volume 4 Hominid cranial remains (Clarendon Press, Oxford, 1991).
 47. Thackeray, J., De Ruiter, D., Berger, L. & Van Der Merwe, N. Hominid fossils from Kromdraai: A revised list of specimens discovered 
since 1938. Ann. Transvaal Museum 38, 43–56 (2001).
 48. Vrba, E. S. Early hominids in southern Africa: Updated observations on chronological and ecological background. In Hominid 
evolution: Past, Present and Future (ed. Tobias, P. V.) 195–200 (Alan R. Liss, Sydney, 1985).
 49. Curnoe, D., Grun, R., Taylor, L. & Thackeray, F. Direct ESR dating of a Pliocene hominin from Swartkrans. J. Hum. Evol. 40, 
379–391 (2001).
 50. Brain, C. K. Structure and stratigraphy of the Swartkrans Cave in the light of the new excavations. In Swartkrans: A Cave’s Chronicle 
of Early Man (ed. Brain, C. K.) 23–34 (Transvaal Museum, Pretoria, 1993).
Acknowledgements
For assistance with scanning the H. naledi material we thank Kudakwashe Jakata (Evolutionary Studies Institute, 
University of the Witwatersrand). For assisting with the scanning of the comparative sample, we would thank 
Bernhard Zipfel, Sifelani Jira (Evolutionary Studies Institute, University of the Witwatersrand), Miriam Tawane 
(Ditsong Museum), Emma Mbua and Job Kibii (National Museums of Kenya), Audax Mabulla (National Museum 
of Tanzania), the Tanzanian Commission for Science and Technology, Jakov Radovčić (Croatian Natural History 
Museum), Michel Toussaint (ASBL Archéologie Andennaise), Jean-Jacques Cleyet-Merle (Musée National de 
Préhistoire des Eyzies-de-Tayac), Véronique Merlin-Langlade (Musée d’Art et d’Archéologie du Périgord) and 
the Leipzig University Anatomical Collection (ULAC). Technical assistance was also provided by David Plotzki, 
Heiko Temming and Fred Spoor. For helpful discussions regarding SK 96, we would like to thank Adeline Le 
Cabec. This project has received funding from the European Research Council (ERC) under the European 
Union’s Horizon 2020 research and innovation programme (grant agreement No. 819960) and the Max Planck 





Scientific RepoRtS |        (2020) 10:13196  | https://doi.org/10.1038/s41598-020-69993-x
www.nature.com/scientificreports/
Author contributions
T.W.D., L.K.D., P.G. and M.M.S. designed the study. L.K.D, L.R.B., and M.M.S. completed the scanning of the 
Homo naledi material. J.J.H., A.G., and M.M.S. completed the scanning of the comparative sample. T.W.D., L.K.D., 
P.G. and M.M.S. analysed the data. T.W.D wrote the paper with contributions from all authors.
competing interests 
The authors declare no competing interests.
Additional information
Supplementary information  is available for this paper at https ://doi.org/10.1038/s4159 8-020-69993 -x.
Correspondence and requests for materials should be addressed to T.W.D.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this license, visit http://creat iveco mmons .org/licen ses/by/4.0/.








Accessory cusp expression at the enamel-dentine 









Accessory cusp expression at the
enamel-dentine junction of hominin
mandibular molars
Thomas W. Davies1, Zeresenay Alemseged2, Agness Gidna3, Jean-
Jacques Hublin1,4, William H. Kimbel5, Ottmar Kullmer6,7,
Fred Spoor1,8,9, Clément Zanolli10 and Matthew M. Skinner1,11,12
1Department of Human Evolution, Max Planck Institute for Evolutionary Anthropology, Leipzig,
Germany
2 Department of Organismal Biology and Anatomy, University of Chicago, Chicago, Illinois,
United States
3 Paleontology Unit, National Museum of Tanzania, Dar es Salaam, Tanzania
4 Collège de France, Paris, France
5 Institute of Human Origins, and School of Human Evolution and Social Change, Arizona State
University, Tempe, Arizona, United States
6 Department of Paleobiology and Environment, Institute of Ecology, Evolution, and Diversity,
Goethe University, Frankfurt, Germany
7 Department of Palaeoanthropology, Senckenberg Research Institute and Natural History
Museum Frankfurt, Frankfurt am Main, Germany
8Centre for Human Evolution Research, Department of Earth Sciences, Natural History Museum,
London, United Kingdom
9 Department of Anthropology, University College London, London, United Kingdom
10 Univ. Bordeaux, CNRS, MCC, PACEA, UMR 5199, F-33600 Pessac, France
11 School of Anthropology and Conservation, University of Kent, Canterbury, United Kingdom
12 Centre for the Exploration of the Deep Human Journey, University of the Witwatersrand,
Johannesburg, South Africa
ABSTRACT
Studies of hominin dental morphology frequently consider accessory cusps on the
lower molars, in particular those on the distal margin of the tooth (C6 or distal
accessory cusp) and the lingual margin of the tooth (C7 or lingual accessory cusp).
They are often utilized in studies of hominin systematics, where their presence or
absence is assessed at the outer enamel surface (OES). However, studies of the
enamel-dentine junction (EDJ) suggest these traits may be more variable in
development, morphology and position than previously thought. Building on these
studies, we outline a scoring procedure for the EDJ expression of these accessory
cusps that considers the relationship between these accessory cusps and the
surrounding primary cusps. We apply this scoring system to a sample of
Plio-Pleistocene hominin mandibular molars of Paranthropus robustus,
Paranthropus boisei, Australopithecus afarensis, Australopithecus africanus, Homo
sp., Homo habilis and Homo erectus from Africa and Asia (n = 132). We find that
there are taxon-specific patterns in accessory cusp expression at the EDJ that are
consistent with previous findings at the OES. For example, P. robustus M1s and M2s
very often have a distal accessory cusp but no lingual accessory cusp, while H. habilis
M1s and M2s show the opposite pattern. The EDJ also reveals a number of
complicating factors; some apparent accessory cusps at the enamel surface are
represented at the EDJ only by shouldering on the ridges associated with the main
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cusps, while other accessory cusps appear to have little or no EDJ expression at all.
We also discuss the presence of double and triple accessory cusps, including the
presence of a double lingual accessory cusp on the distal ridge of the metaconid in the
type specimen of H. habilis (OH 7–M1) that is not clear at the OES due to occlusal
wear. Overall, our observations, as well as our understanding of the developmental
underpinnings of cusp patterning, suggest that we should be cautious in our
comparisons of accessory cusps for taxonomic interpretations.
Subjects Anthropology, Evolutionary Studies, Paleontology, Taxonomy
Keywords Tooth morphology, Hominin, Homo, Enamel-dentine junction, Accessory cusps,
Discrete traits, Taxonomy, Tooth development
INTRODUCTION
Although hominin mandibular molars typically have five main cusps, extra (accessory)
cusps are variably present and are common in some taxa. They are frequently present on
the distal marginal ridge (between the entoconid and hypoconulid) where they are termed
a tuberculum sextum (C6 or distal accessory cusp), or on the lingual marginal ridge
(between the metaconid and entoconid), where they are termed a tuberculum
intermedium (C7 or lingual accessory cusp—Fig. 1). Descriptions of fossil hominin teeth
routinely report the presence of these accessory cusps (Grine & Franzen, 1994; Johanson,
White & Coppens, 1982; Moggi-Cecchi, Grine & Tobias, 2006; Moggi-Cecchi et al., 2010;
Robinson, 1956; Tobias, 1991; Weidenreich, 1937; Wood, 1991) and studies of hominin
taxonomy frequently use both lingual and distal accessory cusps (Irish et al., 2018;
Suwa, 1990; Suwa, White & Howell, 1996; Wood & Abbott, 1983). For example, Wood &
Abbott (1983) stated that Paranthropus M1s very often have a distal accessory cusp,
while the M2s invariably show no lingual accessory cusp. Similarly, Suwa, White & Howell
(1996) suggested that for M1 and M2, the presence of a lingual accessory cusp and lack of a
distal accessory cusp implied an assignment to a non-robust taxon.
For the most part, accessory cusps are recorded at the outer enamel surface (OES).
While this is accurate in some cases, OES morphology can be obscured by the effects of
dental occlusal wear, which can impede accurate assessment of crown morphology.
For example, Burnett, Irish & Fong (2013) found that increasing degrees of occlusal wear
in a sample of M2s led to two independent observers recording fewer cusps in the teeth.
Fossil hominin tooth samples are often very small, meaning that it is rarely practical to
include only unworn or lightly worn teeth. Using X-ray, synchrotron and neutron
microtomography, however, it is possible to image, in three dimensions, the internal dental
structures of many fossil specimens (Davies et al., 2020; Le Cabec, Dean & Begun, 2017;
Martinón-Torres et al., 2019; Skinner et al., 2016; Skinner et al., 2008; Xing, Martinón-
Torres & De Castro, 2018; Zanolli et al., 2020). Accessory cusps are ‘primary-definitive’
traits (sensu Nager, 1960), a term that refers to dental features that are present at the
unworn OES, but derive from the enamel-dentine junction (EDJ). By imaging the EDJ we
can assess accessory cusp presence in worn teeth. In unworn and moderately worn
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specimens, we can compare the OES and EDJ morphology, allowing a more detailed
assessment of accessory cusp form.
Another advantage of utilizing the EDJ is that many hominin taxa have relatively thick
enamel, which can make the detailed morphology of crown features difficult to assess.
At the EDJ, such features often appear more distinctive, and we can assess not just the
presence of accessory cusps, but their spatial relationship and position relative to other
crown features. This is particularly important as a number of authors distinguish between
different ‘types’ of lingual and distal accessory cusps. For example, there is a distinction
between a ‘C7’ and a ‘postmetaconulid’ that is determined by the extent to which a
lingual accessory cusp is separated from the metaconid at the OES (Grine, 1984).
This distinction is frequently recognized in descriptions and analyses of hominin dental
remains (Grine et al., 2019; Kaifu, Aziz & Baba, 2005; Moggi-Cecchi, Grine & Tobias,
2006; Skinner et al., 2020; Suwa, Wood & White, 1994). Skinner et al. (2008) also
distinguished between different types of lingual and distal accessory cusps at the EDJ
according to the placement of the cusp and its association with adjacent cusps, as well as
identifying a number of ‘doubled’ accessory cusps. Further, Ortiz et al. (2017) found
that accessory cusps visible at the OES of hominoid upper and lower molars corresponded
to a wide variety of EDJ morphologies. They found a number of examples in which cusps at
the OES originated from shouldering features at the EDJ, rather than distinct dentine
horns, and in some cases found cusps that appear to originate entirely through enamel
deposition.
Furthermore, advances in our understanding of tooth development suggest that
accessory cusps are not individually patterned, and may instead form depending on a
number of upstream factors such as the size and spacing of the main cusps. For example,














Figure 1 Lower molar cusp layout. An example molar (OH 7 LM2, image reversed) illustrating the main
cusps and the two accessory cusps examined in this study. Full-size DOI: 10.7717/peerj.11415/fig-1
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the EDJ of Panmandibular molars was consistent with predictions of a patterning cascade
model (Jernvall, 2000; Jernvall & Thesleff, 2000). Hunter et al. (2010) and Moormann,
Guatelli-Steinberg & Hunter (2013) demonstrated the predictions of the model were
consistent with variation in Carabelli’s trait expression in human upper molars (the latter
having been suggested to play a role to increase the functional occlusal area of the
tooth; Fiorenza et al., 2020). Moreover, Ortiz et al. (2018) found similar support for
variation in these and other accessory cusps in hominoids. These observations raise two
important questions, in particular for the use of these accessory cusps as characters in
taxonomic and phylogenetic studies. Are accessory cusps recorded at the OES in hominins
always developmentally homologous? And does the patterning cascade model mean that
accessory cusps are particularly liable to originate independently in separate hominin
lineages?
In this paper, we use microtomography to image the EDJ and OES expression of
accessory cusps on the distal and lingual margins of Plio-Pleistocene hominin lower
molars. We score accessory cusp expression at the EDJ, considering variation in the
placement of lingual and distal accessory cusps with respect to adjacent cusps. We discuss
the use of this system, and accessory cusps generally, for taxonomic distinction, and




The study sample is summarized in Table 1 and consists of 132 molars from a range of
hominin taxa spanning three genera, Australopithecus, Paranthropus andHomo (full study
sample can be found in Table S1). The study sample was selected to cover a number of
well-sampled Plio-Pleistocene hominin species to facilitate comparisons between taxa.
We were not able to include some samples such as Australopithecus anamensis and Laetoli
Table 1 Study sample summary. The taxon groupings, sites and sample sizes are listed for the study sample. More information on the study sample
can be found in Table S1.
Taxon Site n (M1, M2, M3)
P. robustus Drimolen and Swartkrans, South Africa 8, 7, 5
P. boisei Koobi Fora and Ileret, Kenya 2, 2, 2
A. afarensis Hadar, Ethiopia 7, 10, 4
A. africanus Sterkfontein, South Africa 6, 8, 8
Hominidae gen.
et sp. indet.
Koobi Fora, Kenya 1, 1, 0
Homo sp. Drimolen, Sterkfontein and Swartkrans, South Africa; Koobi Fora, Kenya; Shungura Formation, Ethiopia 7, 6, 4
H. habilis Koobi Fora, Kenya; Olduvai Gorge, Tanzania; Shungura Formation, Ethiopia 5, 3, 5
H. erectus (Africa) Baringo and Koobi Fora, Kenya; Olduvai Gorge, Tanzania 4, 6, 4
H. erectus (Asia) Sangiran, Indonesia; Chinese Apothecary 3, 8, 1
MP Homo Tighenif, Algeria 1, 2, 2
Note:
MP, Middle Pleistocene.
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Australopithecus afarensis as only a small number of specimens have sufficient tissue
contrast to image the EDJ. Samples containing only a small number of individuals, such as
Paranthropus boisei and molars from Tighenif, are excluded from frequency tables and
figures, but are discussed separately. Homo specimens from Africa were grouped as Homo
habilis or Homo erectus where possible, however there are a number of specimens for
which a specific attribution is not available, or there is disagreement over their attribution.
These specimens are grouped as Homo sp., with the acknowledgement that this group
is very likely heterogeneous. Images and descriptions of the OES and EDJ morphology of
all specimens, as well as a number of antimeres not included in the main sample, can be
found in the Supplemental Index.
Microtomography
Microtomographic scans for each molar were obtained using a SkyScan 1,172 or
SkyScan 1173 at 100–130 kV and 90–130 µA, a BIR ACTIS 225/300 scanner at 130 kV and
100–120 µA, a Diondo d3 at 100–140 kV and 100–140 µA, a X8050-16 Viscom AG
equipment at 115–125 kV and 350-600 µA and reconstructed as 16-bit tiff stacks with an
isometric voxel resolution ranging from 13-45 microns (two teeth, OH 16 LLM2 and
LLM3, are scanned at 60 microns, but only the higher resolution antimeres are included in
summary statistics).
Sangiran specimens S7-42, S7-78 and SMF-8865 were scanned using neutron
microtomography at the ANTARES Imaging facility (SR4a beamline) of the
Forschungs-Neutronenquelle Heinz Maier-Leibnitz (Research Neutron Source; FRM II
reactor) of the Technische Universität München (see Zanolli et al., 2020). The neutron
beam originated from the cold source of the FRM II reactor, with an energy range from 3
to 20 meV, a collimation ratio of L/D = 500 (the ratio between the sample-detector
distance and collimator aperture) and an intensity of 6.4 × 107 n/cm2s. A 20 mm Gadox
screen was used to detect neutrons. Both a cooled, charge-coupled device camera (ikon-L
936; Andor) and cooled complementary metal-oxide semiconductor camera (Neo 5.5
sCMOS; Andor) were used as detectors. The final virtual volume of these specimens was
reconstructed with an isotropic voxel size of 20.45 µm.
Sangiran specimens S7-20, S7-62, S7-64 and S7-65, as well as both Chinese Apothecary
specimens (CA 804 and CA 808), were scanned on beamline ID 19 at the European
Synchrotron Radiation Facility (ESRF, Grenoble, France) using the protocol outlined in
Smith et al. (2018). These data were downloaded from the European Synchrotron
Radiation Facility Paleontological Microtomographic Database (http://paleo.esrf.eu).
Segmentation
For the majority of specimens, TIFF stacks were filtered using either a mean of least
variance filter (kernel size one) or a 3D median filter, followed by a mean of least variance
filter (each with a kernel size of three), implemented using MIA open source software
(Wollny et al., 2013). Filtered image stacks were segmented in Avizo 6.3 (Visualization
Sciences Group, 2010) using a seed growing watershed algorithm employed via a custom
Avizo plugin to segment enamel from dentine, before being checked manually.
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In specimens with particularly poor contrast between tissue types, enamel and dentine
were segmented using the magic wand tool in Avizo v.8.0 (FEI Visualization Sciences
Group) with manual corrections and use of the interpolation where enamel and dentine
could not be precisely demarcated (For more details, see Zanolli et al., 2019). Once enamel
and dentine were segmented, a triangle-based surface model of the EDJ was produced
using the unconstrained smoothing parameter in Avizo and then saved in polygon file
format (.ply).
Scoring system
All specimens were assessed visually and scored on rotatable 3D models (2D images in
occlusal, lingual and distal views at OES and EDJ are available in the SOM, along with a
written assessment of accessory cusp morphology for each specimen). Each tooth in the
sample was scored at the EDJ using the .ply surface model, making reference to the original
CT stack when necessary. The level of tissue distinction present in the scan was also
assessed as good, moderate or poor. Since accessory cusp features can be very small in
some cases, these categories allow us to assess the likelihood of accessory cusps being
missed at the EDJ. The scoring systems were adapted from Skinner et al. (2008) and
expanded to include new types that are present in this sample (Figs. 2 and 3).
Importantly, given the variation in number and position of accessory cusps, as well as
doubts over their developmental homology (Skinner et al., 2008; Ortiz et al., 2017), we do

















Figure 2 Scoring system for characterizing distal accessory cusp (DAC) variation at the EDJ. Distal
accessory cusps may be scored as (A) absent, (B) interconulid type, (C) hypoconulid type, or (D) ento-
conid type. An example EDJ surface is also shown (a; StW 309A). Types shown in grey are rare according
to our observations. Ent, Entoconid; Hld, Hypoconulid. Full-size DOI: 10.7717/peerj.11415/fig-2
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accessory cusps (DAC) for those appearing on the distal crown margin between the
hypoconulid and the entoconid, and to lingual accessory cusps (LAC) for those appearing
on the lingual crown margin between the metaconid and entoconid. These terms will be
used to describe cusps at the OES and the EDJ, but we will refer to the EDJ unless stated
otherwise.
Both DACs and LACs can appear in three forms at the EDJ, reflecting their
developmental origin and association (or lack thereof) with primary cusps. For DACs,
these are ‘hypoconulid type’ for those appearing on the distal crest of the hypoconulid,
‘entoconid type’ for those appearing on the distal crest of the entoconid, and ‘interconulid
type’ for those appearing on the marginal ridge between the hypoconulid and entoconid
(Fig. 2). These types can appear in isolation or in combination and in single, double or
triple forms. For LACs, these are ‘metaconid type’ for those appearing on the distal
crest of the metaconid, ‘entoconid type’ for those appearing on the mesial crest of the
entoconid and ‘interconulid type’ for those appearing on the marginal ridge between the
metaconid and entoconid (Fig. 3). As with DACs, these LAC types can appear in isolation














Figure 3 Scoring system for characterizing lingual accessory cusp (LAC) variation at the EDJ.
Lingual accessory cusps may be scored as (A) absent, (B) interconulid type, (C) metaconid type, or
(D) entoconid type. An example EDJ surface is also shown (a; StW 309A). Types shown in grey are rare
according to our observations. Ent, Entoconid; Med, Metaconid.
Full-size DOI: 10.7717/peerj.11415/fig-3
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Figure 4 Overall distal and lingual accessory cusp frequencies by tooth type and taxon. (A) The
frequency of distal accessory cusp presence, of any type, in each taxon for the M1, M2 and M3. (B) The
frequency of lingual accessory cusp presence, of any type, in each taxon for the M1, M2 and M3.
The numbers beneath each bar show the sample size. Full-size DOI: 10.7717/peerj.11415/fig-4





The overall frequency of distal and lingual accessory cusps of any type is summarized in
Fig. 4. The frequency of DAC presence increases along the tooth row in most taxa, with a
few minor exceptions (in A. afarensis and Asian H. erectus DACs are marginally less
frequent in M2s than M1s, but it is still highest in the M3). This pattern is not as clear in the
LACs, although six out of seven groups have the highest, or equal highest, frequency of
LACs in the M3s. DACs are particularly frequent in P. robustus; all M2s and M3s, and
6/8 (75%) of the M1s, have at least one DAC. A similar pattern is seen in P. boisei – all 6
molars included have one or more DACs. There are no DACs in the M1s of H. habilis
or African H. erectus. A contrasting pattern is seen in the LACs; they are rare in
Paranthropus (only SK 22 M3 and KNM-ER 25520 have LACs), absent in the M1s of
Australopithecus, but are more common inHomo. AllH. habilis teeth included here have a
LAC, as well as more than 50% of the M1s of Homo sp., and African and Asian H. erectus.
Homo sp., as well as African and Asian H. erectus, appear to be differentiated from
H. habilis by having fewer M2 LACs than the latter. However, only three H. habilis M2s
were included, so this pattern should be treated with caution. When the presence/
absence of both accessory cusps is considered together, there are clear patterns in the
M1-2






















Figure 5 Combined distal and lingual accessory cusp presence/absence frequency for M1s and M2s.
The frequencies shown indicate, for each taxon, the proportion of M1s and M2s with each combination of
distal and lingual accessory cusp presence/absence. M3s are excluded here—see text. Numbers under-
neath the bars indicate sample sizes for each group. Abbreviations: DAC, distal accessory cusp; LAC,
Lingual accessory cusp. Full-size DOI: 10.7717/peerj.11415/fig-5
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combined M1 and M2 sample (Fig. 5—the M3s have been excluded here as accessory cusps
are more frequent and variable in form in the M3s than M1s and M2s, but the combined
DAC and LAC figures for each individual tooth position can be found in Fig. S1).
Paranthropus robustus M1s and M2s most often have a DAC and no LAC (13/15). Homo
habilis M1s and M2s show the opposite pattern, most often having a LAC and no DAC
(7/8), with only one M2 having a DAC and LAC (OH 7 M2, which has a double DAC).
Other groups are less consistent. Australopithecus afarensis M1s and M2s most often
have no accessory cusps or only a DAC, which is similar to the pattern seen in
Australopithecus africanus. In both of these taxa all specimens that do have a LAC are M2s
rather than M1s.
Accessory cusp types
Tables 2 and 3 show the presence/absence frequencies of each type of DAC (Fig. 2) and
LAC (Fig. 3). Table 2 shows that interconulid type DACs are present much more often
than the other types. Hypoconulid types are the next most frequent, but they are more
Table 2 Presence/absence frequencies of distal accessory cusp (DAC) types. The presence/absence
frequency of each type of DAC is shown for the M1, M2 and M3 for each taxon. An asterisk indicates that
frequencies exceed 100% due to the presence of multiple types of DAC in one or more specimens.
Taxon n
(M1, M2, M3)
M1 (%) M2 (%) M3 (%)
Ent Int Hld Ent Int Hld Ent Int Hld
P. robustus 8, 7, 5 0 62.5 12.5 0 85.7 28.6* 0 100 20*
A. afarensis 7, 10, 4 0 42.9 0 0 30 10 0 100 0
A. africanus 6, 8, 8 0 16.7 0 0 50 12.5 0 87.5 37.5*
Homo sp. 6, 6, 3 0 16.7 0 0 16.7 66.7 0 100 0
H. habilis 5, 3, 5 0 0 0 0 33.3 0 20 40 40
African H. erectus 4, 6, 4 0 0 0 0 50 0 25 25 25
Asian H. erectus 3, 8, 1 0 33.3 33.3 0 37.5 25 0 100 0
Note:
Abbreviations: Ent, Entoconid type; Int, Interconulid type; Hld, Hypoconulid type.
Table 3 Presence/absence frequencies of lingual accessory cusp (LAC) types. The presence/absence
frequency of each type of LAC is shown for the M1, M2 and M3 for each taxon.
Taxon n
(M1, M2, M3)
M1 (%) M2 (%) M3 (%)
Med Int Ent Med Int Ent Med Int Ent
P. robustus 8, 7, 5 0 0 0 0 0 0 0 20 0
A. afarensis 7, 10, 4 0 0 0 10 10 0 0 50 0
A. africanus 6, 8, 8 0 0 0 37.5 0 0 37.5 12.5 12.5
Homo sp. 7, 6, 4 57.1 0 0 16.7 0 0 25 50 0
H. habilis 5, 3, 5 80 20 0 66.7 33.3 0 0 100 0
African H. erectus 3, 6, 4 66.7 33.3 0 0 0 0 25 0 0
Asian H. erectus 3, 8, 1 66.7 0 0 25 25 0 0 100 0
Note:
Abbreviations: Med, Metaconid type; Int, Interconulid type; Ent, Entoconid type.
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common in the M2s and M3s. Entoconid types are rare; we did not find any among the M1s
or M2s, and there are only two entoconid types among the M3s. The two entoconid
types are in H. habilis and African H. erectus M3s, where there is a fairly even spread











































































Interconulid type Hypoconulid type Entoconid type
Interconulid type Metaconid type Entoconid type
DAC:
LAC:
Figure 6 Number and type of accessory cusps present for each specimen—Paranthropus and
Australopithecus. Each circle represents a single accessory cusp; specimens with two or three circles
in either column display double or triple cusps, respectively. Abbreviations: DAC, Distal accessory cusp;
LAC, Lingual accessory cusp. Full-size DOI: 10.7717/peerj.11415/fig-6
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(Table 3) and are confined for this tooth to species in the genus Homo. For the M3s, the
interconulid type LAC is most common. Both types are present in the M2s, but there are
more metaconid types overall. There is only one entoconid type LAC, in a M3 of







































































DAC LAC DAC LAC DAC LAC
Hominidae 
 gen. et sp. indet.
Interconulid type Hypoconulid type Entoconid type
Interconulid type Metaconid type Entoconid type
DAC:
LAC:
Figure 7 Number and type of accessory cusps present for each specimen in the sample—Homo and
KNM-ER 5431 (Hominidae gen. et. sp. indet). Each circle represents a single accessory cusp; specimens
with two or three circles in either column display double or triple cusps, respectively. Areas marked with a
red cross are those where part of the specimen was missing such that either the distal or lingual regions
could not be scored. Abbreviations: DAC, Distal accessory cusp; LAC, Lingual accessory cusp.
Full-size DOI: 10.7717/peerj.11415/fig-7
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The results are summarized graphically in Figs. 6 and 7, including the presence of
double and triple accessory cusps. Double LACs are rare but are found in several Homo
molars. The M1 of OH 7 has a double metaconid type LAC, the only specimen with
this arrangement in the sample (present in both antimeres). The M1 of KNM-ER 806 and
the M2 Sangiran S7-78 also have double LACs, but in this case one is an interconulid type
and the other a metaconid type. Finally, two A. africanus M3s have a double LAC.
Double DACs are more common. Two Asian H. erectus M1s have either a double
interconulid type or double hypoconulid type DAC, while numerous M2s and M3s have
double DACs, and two M2s have triple DACs (SK 25, P. robustus and StW 3, A. africanus).
DISCUSSION
Shouldering
There are a number of cases in which the morphology at the EDJ differs noticeably from
that of the OES. One issue in particular that can be problematic when scoring accessory
cusps is shouldering on the marginal ridges associated with the main cusps. This is
particularly noticeable on the distal ridge of the metaconid; in lingual view the shoulder is






















Figure 8 Shouldering on the distal metaconid ridge. Shown are four specimens that exhibit shoul-
dering at the EDJ, with variable OES expression. (A) StW 421 RM1—Australopithecus africanus (B) SK
104 LM1—Paranthropus robustus. Images of this specimen have been reversed for comparative purposes
(C) StW 145 RM1—A. africanus (D) DNH 60B RM1—P. robustus. Each panel shows a lingual view of the
OES (top left) and EDJ (bottom left) and an occlusal view of the OES (right). Shouldering features are
indicated with arrows, see main text for details. Abbreviations: B, Buccal; L, Lingual; M, Mesial; D,
Distal. Full-size DOI: 10.7717/peerj.11415/fig-8
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manifestation of this shouldering is variable, but the distal ridge of the metaconid is often
raised, and in a number of cases there is a fissure present that, together with the lingual
groove, appears to demarcate a small or incipient OES cusp. In some cases, this fissure
incises the distal ridge of the metaconid such that in lingual view, there appears to be a
small cusp present. An example of this is StW 421A (RM1; Fig. 8A), which is described by
Moggi-Cecchi, Grine & Tobias (2006) as showing an ‘incipient postmetaconulid’ and given
a C7 score of 2 (‘small’) by Guatelli-Steinberg & Irish (2005) using the Arizona State
University Dental Anthropology System (ASUDAS; Turner, Nichol & Scott, 1991; Scott &
Irish, 2017). Another example is SK 104 (LM1; Fig. 8B); in this case Guatelli-Steinberg &
Irish (2005) score the tooth as having no C7, although Robinson (1956, p. 103) reports that
13/15 of Swartkrans M1s described display a ‘lingual accessory cusp partially separated
from the distal portion of the metaconid’. It is not clear if SK 104 is one of these specimens,
but it is likely given that there are a number of molars in this sample with weaker
expressions of this feature. In other specimens, the secondary fissure does not incise the
distal metaconid ridge. In these cases, the shape of the distal ridge of the metaconid at the
OES mirrors that of the EDJ in that it is raised and somewhat concave in shape. However,
in occlusal view, the fissure still suggests the presence of a cusp. Examples of this are
StW 145 (RM1; Fig. 8C); scored by Guatelli-Steinberg & Irish (2005) as having a medium
sized C7 (ASUDAS score 3), and DNH 60B (RM1; Fig. 8D); described by Moggi-Cecchi
et al. (2010) as showing an ‘incipient post-metaconulid’.
Shouldering is not limited to the lower molars. Martin et al. (2017) outlined a similar
trait in modern human and Neanderthal upper molars when describing the feature they
term the ‘post-paracone tubercle’. In some cases, this refers to a distinct cusp on the
paracone distal ridge, however in others there was only shouldering on the ridge, similar to
a number of the cases outlined here. This was also found to be present in other hominoid
taxa by Ortiz et al. (2017), who suggested that these examples of shouldering represent a
minor expression of the post-paracone tubercle trait.
The phenomenon of shouldering raises important questions about the developmental
nature of accessory cusps. Epithelial signalling centres called enamel knots have a
controlling role in cusp patterning during tooth development. The primary enamel
knot forms first, at the tip of the developing tooth bud, followed by secondary enamel
knots, at the future position of each cusp. The formation of these secondary enamel knots
directs folding of the inner enamel epithelium, the future boundary between enamel
and dentine, at the site of each cusp. We should therefore expect that all true accessory
cusps are initiated by the presence of a secondary enamel knot. If so, are secondary enamel
knots capable of producing broad shoulder-like features such as those outlined above?
This question is important because if shouldering features were not initiated by enamel
knots, then they would not be developmentally homologous to accessory cusps, and may
need to be considered separately in studies of taxonomy or phylogeny. An interesting
example is KNM-ER 806, for which the M3 antimeres differ in LAC expression (Fig. 9).
The left M3 has a broad shouldered distal metaconid ridge with no clear cusp, while the
right M3 has a distinct cusp on the distal metaconid ridge. This could lend support to
the idea that shouldering is equivalent to minor expression of an accessory cusp, with





Figure 9 Third mandibular molar antimeres of KNM-ER 806—Homo erectus. (A) KNM- ER 806A—
Left M3 shows broad shouldering on the distal metaconid ridge. (B) KNM- ER 806C—Right M3 shows a
clear metaconid type lingual accessory cusp. Both panels show the specimens in lingual view at the OES
(top) and EDJ (bottom). Accessory cusps are indicated with arrows. Abbreviations: M, Mesial; D, Dis-
tal. Full-size DOI: 10.7717/peerj.11415/fig-9
a) b) c)
M D M D M D
Figure 10 Homo habilis M1s from Olduvai Gorge. Shown are three Olduvai H. habilis lower first
molars. All exhibit cusp features on the distal ridge of the metaconid, but the form is different in each. (A)
OH 7 LM1 showing two small, distinct accessory cusps on the distal ridge of the metaconid. Images of this
specimen have been reversed for comparative purposes. (B) OH 13 RM1 showing a single small accessory
cusp on the distal ridge of the metaconid. (C) OH 16 RM1 showing a single broad accessory cusp. Each
panel shows the specimens in lingual view at the OES (top) and EDJ (bottom). Accessory cusps are
indicated with arrows. Abbreviations: M, Mesial; D, Distal.
Full-size DOI: 10.7717/peerj.11415/fig-10
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the right M3 showing slightly stronger accessory cusp expression than the left.
Furthermore, if shouldering and cusps represent differing degrees of expression of the
same trait, then, at least to some extent, they are independent of size given that specimens
may have very large shouldering features (Figs. 8C, 9A) or very small, but distinct,
accessory cusps (Figs. 10A, 10B).
Ultimately, we need a better understanding of the developmental basis of shouldering in
order to determine the relationship between shouldering features and accessory cusps.
In the short term, a scheme that includes shouldering within the definition of the LAC, but
scores it separately to clear and distinct cusps, would be useful as it would allow these
traits to be assessed either separately or together, and would allow us to reassess these data
if our understanding of the development of these traits improves. However, this brings
practical difficulties; there are a wide array of morphologies that could be considered as
examples of shouldering, including some that are subtle and difficult to score reliably.
In the present study we scored only cusps that either have a clear apex, or are raised
above the level of the marginal ridge on both sides, thereby excluding the majority of
examples of shouldering (although some cusps that fit this definition, such as the right M1
of OH 16, Fig. 10C, also resemble shouldering features). An alternative solution would
be to conduct geometric morphometric analysis of the marginal ridge between the
metaconid and entoconid. This would remove the need for discrete trait categories, instead
measuring the shape of any cusp or shouldering feature without making assumptions
about their developmental underpinnings.
Cusps present only at the outer enamel surface
Another issue relates to the correspondence between the EDJ and OES. In some cases,
there appears to be a cusp at the OES with no clear corresponding EDJ feature. This can be
present lingually or distally, although there are more examples on the distal marginal
ridge in our sample. In some cases, particularly in scans exhibiting poor tissue distinction,
it is possible that the corresponding cusp at the EDJ is too small to be distinguished.
This may be particularly problematic in third molars since the cusps are generally smaller,
and some accessory cusps are represented by very low dentine horns at the EDJ. However,
there are a number of examples of this phenomenon in specimens with good tissue
distinction, and in first and second molars also (Fig. 11). These examples generally
involve quite small cusps, however they are large enough to be noted as accessory cusps;
all of the specimens shown in Fig. 11 have been described as having an accessory cusp/
cuspule at the OES (Johanson et al., 1982; Moggi-Cecchi, Grine & Tobias, 2006; Moggi-
Cecchi et al., 2010; Robinson, 1956).
It is not clear why the EDJ does not show any evidence of a dentine horn in these
examples. However, in some cases (Figs. 11B–11D) it does appear that regions of the EDJ
marginal ridges that we would expect to be concave, are instead flat. Given that we have
a number of cases in which dentine horns are low and broad, it is possible that the
presence of an elevation of the marginal ridge between main cusps (like for the shouldering
but in the interconulid region) could generate a portion of the EDJ that looks flat, but
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is in fact raised above the level that it otherwise would be, if this dentine horn-like
feature was not present. This flat morphology may then be exaggerated by the processes of
enamel deposition and appear as a small cuspule at the OES. Modelling on pig teeth has
suggested that concave and convex EDJ features can have different effects on enamel
deposition, which is suggested to explain how small differences in EDJ topography can
correspond to large differences at the OES (Häkkinen et al., 2019). Interestingly however,
this process does not require the presence of an enamel knot, meaning that some
features that appear as cusps at the OES may simply derive from small ridges at the EDJ.
This process could also explain the presence of cusp-like OES features overlying
shouldering at the EDJ as outlined above. In both cases, the absence of an enamel knot
would mean these features are not developmentally homologous to true accessory cusps
(i.e. those initiated by an enamel knot).
a) b)
d)c)


















Figure 11 Specimens displaying cusps at the OES but not at the EDJ. (A) DNH 75 LM3 (Paranthropus
robustus) displays two small cusps on the lingual marginal ridge at the OES. Left: lingual view of the OES
(top) and EDJ (bottom); Right: occlusal view of the OES. (B) A.L. 288-1 RM2 (Australopithecus afarensis)
with a small tubercle on the distal marginal ridge; Left: distal view at the OES (top) and EDJ (bottom);
Right: occlusal view of the OES. (C) StW 421A RM2 (Australopithecus africanus) shows a clear small cusp
on the distal marginal ridge. Left: lingual view of the OES (top) and EDJ (bottom); Right: occlusal view of
the OES. (D) SK 104 LM1 (P. robustus) shows a small cusp on the distal marginal ridge; Left: distal view at
the OES (top) and EDJ (bottom); Right: occlusal view of the OES. OES cusps are marked with arrows.
Images in (A) and (D) have been reversed for comparative purposes. Abbreviations: B, Buccal; L, Lingual;
M, Mesial; D, Distal. Full-size DOI: 10.7717/peerj.11415/fig-11
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Alternatively, it is possible that secondary enamel knots induce ameloblasts to deposit
more enamel in cuspal regions than in adjacent regions of the crown. In this case, late
forming secondary enamel knots, whose effect on the inner enamel epitheliummay be very
minor or nonexistent, may still produce noticeable cusps at the OES through the effect of
differential enamel deposition in these regions. This mechanism was previously put
forward in Skinner et al. (2008) but remains to be tested.
Twinned dentine horns
Another interesting phenomenon is that of twin dentine horns.Martin et al. (2017) noted
the presence of this feature in Neanderthal maxillary and mandibular molars, and Davies
et al. (2019) suggested that some mandibular premolars display a similar feature on the
protoconid. Twinned dentine horns are interesting because the patterning cascade
model of cusp development predicts that enamel knots should be inhibited from forming
in the immediate vicinity of one another (Jernvall, 2000; Jernvall & Thesleff, 2000),
suggesting that twinned dentine horns may result from a single enamel knot, rather than
two separate enamel knots. A similar argument could be made of double accessory cusps
forming in the immediate vicinity of each other as we see in the M1s of OH 7 (Fig. 10A).
There is a small number of possible examples of the twinned dentine horns trait in
our sample on the metaconid or hypoconulid. The most striking example is seen in
the M3 antimeres of KNM-ER 806 (Fig. 12). If the two teeth were scored in isolation, we
would suggest that the LM3 has a single hypoconulid dentine horn and a hypoconulid type
DAC, while the RM3 has double hypoconulid dentine horn. Both antimeres have two
dentine horns in the distolingual margin of the tooth; the only discernable difference
between them is the distance between the two dentine horns; in one case small enough to
be considered a double cusp and in the other large enough for one to be considered an











Figure 12 Left and right antimeres of KNM-ER 806 (Homo erectus) third molars. (A) The left M3
shows a hypoconulid with a hypoconulid type distal accessory cusp. (B) The right M3 shows an
apparently double hypoconulid. Specimens are shown in oblique view at the EDJ (bottom) and OES
(top—thumbnail). Abbreviations: B, Buccal; L, Lingual; M, Mesial; D, Distal; Hld, Hypoconulid.
Full-size DOI: 10.7717/peerj.11415/fig-12
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developmental processes, with minor differences during development leading to the
observed differences in spacing. In this case, it would suggest that either: (1) twinned
dentine horns can, in some cases, appear with a larger distance between the tips than
previously recognized, or (2) accessory cusps can appear very close to the main cusp in
some cases. Either scenario questions our ability to reliably tell the difference between the
two traits, if they are indeed distinct traits. Alternatively, we may conclude that the two
antimeres simply show different morphologies. Few antimeres were included in this study,
but they have been useful in investigating developmental questions; we suggest that future
studies include both antimeres whenever possible.
Accessory cusp types
In this study, we distinguished between several types of DACs (Fig. 2) and LACs (Fig. 3)
based on the association between accessory cusps and the main cusps. We found that the
majority of DACs are of the interconulid type, followed by hypoconulid type, although
these are more common in M2s and M3s than in M1s. For the LACs, the majority
were found to be metaconid types overall, although there were progressively more
interconulid types moving posteriorly along the tooth row. It should be noted that in M3s
the cusps are often very low, meaning the mesial and distal ridges of the main cusps
are less steep and it is harder to distinguish between the different types. We would expect
this to increase the number of interconulid types since any accessory cusps not clearly
associated with a main cusp were designated as interconulid types. This may explain the
increased number of interconulid type LACs along the tooth row.
Some authors distinguish a ‘postmetaconulid’ as distinct from a ‘C7’ (Grine et al.,
2019; Kaifu, Aziz & Baba, 2005; Moggi-Cecchi, Grine & Tobias, 2006; Skinner et al., 2020;
Suwa, Wood & White, 1994). Given that we did not find any clear taxon-specific patterns




Figure 13 Molar row of Tighenif 2. The left molars of Tighenif 2 are shown at the OES and EDJ,
showing the position of the LAC along the tooth row. Molars are shown in lingual view; (A) LM3,
(B) LM2, and (C) LM1. Arrows indicate the position of the accessory cusps. Note that the accessory cusp
is not visible at the OES of the LM2 (B) due to occlusal wear. Abbreviations: M, Mesial; D, Distal.
Full-size DOI: 10.7717/peerj.11415/fig-13
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present in the pooled samples, as well as the difficulty in distinguishing between the
types at the OES, we suggest that these distinctions are likely not useful for taxonomic
studies. The types described here may be useful in descriptions of dental material, although
it is unclear whether the types we distinguish here represent distinct traits; it is more
likely that there is a continuous variation in accessory cusp placement, and that this
variation is only partly captured by the categories used here. A good example illustrating
this is the molar row of Tighenif 2 (Fig. 13; see also Zanolli & Mazurier, 2013). All three
molars have a LAC, but its position shifts distally along the molar row from a clear
metaconid type in the M1, to interconulid types in the M2 and M3 that are situated close to
the entoconid (the LACs in the M2 and M3 are not situated on the mesial ridge of the
entoconid, which would make them an entoconid type, but they are situated close to
the entoconid because the cusp is low and its mesial ridge does not extend very far mesially
on the crown). If the variation in accessory cusp placement is continuous, then a method of
recording this variation continuously might better capture metameric differences, or
provide better taxonomic discrimination, than the categories used here.
Finally, it is interesting to note that there are very few accessory cusps closely
associated with the entoconid, either DACs or LACs. We find only three examples, all in
M3s. It is not clear why accessory cusps are less likely to form in this region, although in the
case of the LAC, the entoconid is typically initiated later than the metaconid (Smith
et al., 2007; Mahoney, 2008), and the mesial entoconid ridge is usually much shorter
than the distal metaconid ridge, suggesting there is less time and space for accessory cusps
to form in this region. In the case of the DAC, the mechanism is less clear since the
hypoconulid is frequently the smallest cusp, and is thought to be the last to initiate, but we
find that hypoconulid type DACs are nonetheless fairly common.
Use of accessory cusps for taxonomy
We find that there are a number of patterns present in accessory cusp expression that
may be useful in differentiating between hominin taxa. We find that Paranthropus molars
tend to have DACs but no LACs, consistent with studies of the OES (Suwa, White &
Howell, 1996; Suwa, Wood & White, 1994; Wood & Abbott, 1983). Guatelli-Steinberg &
Irish (2005) reported a comparably high DAC frequency at the OES for A. afarensis and
P. robustus. Our results, consistent with other studies of the OES (Bailey & Wood, 2007;
Suwa, Wood & White, 1994), instead suggest DACs are less frequent in A. afarensis.
Kimbel & Delezene (2009) suggested that A. afarensis M3s often have a double DAC at the
OES, distinguishing the species from Paranthropus and Homo. But we find double DACs
in the M3s of A. afarensis, A. africanus, P. robustus, P. boisei, Homo sp., H. habilis and
African H. erectus. In A. africanus they are particularly frequent (5/8). For the most part,
we suggest that accessory cusps in the M3s are too variable to be taxonomically
informative. We also find support for the suggestion that LACs are more common in
non-robust taxa (Suwa, Wood & White, 1994; Wood & Abbott, 1983). In particular, LACs
are associated with early Homo at the EDJ (Ortiz et al., 2017), and the presence of LACs at
the OES have been used to support an assignment of a number of specimens to Homo
Davies et al. (2021), PeerJ, DOI 10.7717/peerj.11415 20/27
Chapter 2
49
(Braga & Thackeray, 2003; Grine, 1989; Villmoare et al., 2015; Wood, 1991). We find that
LACs are frequent in Homo molars overall, but this is particularly true of H. habilis.
However, there are also some differences in the frequencies reported here from those
reported in various studies of the OES (Bailey & Wood, 2007; Guatelli-Steinberg & Irish,
2005; Irish et al., 2018; Suwa, White & Howell, 1996; Suwa, Wood &White, 1994;Wood &
Abbott, 1983). These differences may be due to differing study samples, or grouping of
specimens, or they may be the result of some of the issues described above such as
shouldering of the distal marginal ridges or OES cusps with minimal EDJ expression.
However, there are also differences likely to be introduced through the scoring systems
employed. A number of studies utilize ASUDAS accessory cusp traits with a presence/
absence breakpoint. For example, Irish et al. (2018) score the presence of a C7 with a
breakpoint of 2, meaning that a tooth scored as 1 or 1A in this system is counted as absent.
Types 1 and 1A refer to a “small, wedge-shaped cusp”, or a “groove on the lingual
surface of the metaconid”, respectively (Scott & Irish, 2017, p. 219). It is likely that a
number of the specimens that we score as having a LAC present at the EDJ could be scored
for the C7 ASUDAS trait as 1 or 1A at the OES, or in some cases even as 0. Good examples
of this are teeth with small metaconid type LACs; with moderate levels of dental wear, all
that remains of this feature at the OES is a small fissure. This may explain why, for
example, we report higher frequencies of LAC presence inH. habilis than Irish et al. (2018)
at the OES.
Beyond the issues presented above, there are also some fundamental questions
surrounding the use of accessory cusps in studies of taxonomy. Our understanding of
tooth development suggests that accessory cusps are not individually patterned. Instead,
according to the patterning cascade model (Jernvall, 2000; Jernvall & Thesleff, 2000),
accessory cusp formation is dependent on the size and spacing of earlier forming cusps.
This means that rather than accessory cusps representing a primary trait, they are
dependent on the shape of the crown, the size and spacing of the primary cusps, and that of
earlier forming accessory cusps. The taxonomic signal present in accessory cusps, as
reported here and elsewhere (Suwa, White & Howell, 1996; Wood & Abbott, 1983;
Ortiz et al., 2017), may come from the fact that the size and spacing factors they depend on
are genetically determined, or that these factors are themselves dependent on further
upstream genetically determined factors. Equally, this may make accessory cusps
particularly liable to homoplasy. Tooth shape, as well as cusp size and spacing factors, are
variable in hominin teeth, and multiple arrangements of these factors could lead to the
development of accessory cusps in separate hominin lineages. In this case, it would be
preferable to analyze these size and spacing factors directly through measures of crown
shape, relative cusp areas or geometric morphometric analysis of crown shape, either at the
OES or at the EDJ.
The factors controlling accessory cusp formation are complex and not fully understood.
For example, it is not clear how double or triple accessory cusps form. We may expect
that in some cases there may be enough space available on the lingual or distal
marginal ridges for multiple accessory cusps to form, however we would expect them to be
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relatively well-spaced apart, which is not always the case (e.g. OH 7 M1; Fig. 10A). It may
be possible that these cases of closely spaced accessory cusps are caused by the same
(unknown) processes responsible for the twinned dentine horns that sometimes underly
the main cusps, as outlined above. If this were the case, they would have to be distinguished
from double accessory cusps that are well-spaced from each other. It is also unclear
which conditions lead to multiple accessory cusps forming as opposed to a single large
accessory cusp. Trait scoring systems such as the ASUDAS score accessory cusps according
to size (although a DAC can alternatively be scored using the ‘cusp number’ trait, in
which case it is only present or absent). This relies on the assumption that a larger cusp
represents a greater level of expression of the trait. Equally, it could be argued that a double
or triple accessory cusp arrangement is equivalent to greater expression of the trait,
particularly if the ‘trait’ in question is actually a combination of size and spacing factors
that permit the development of accessory cusp(s). The ASUDAS system does not
ordinarily score the presence of double/triple accessory cusps, although some authors have
added or adapted traits for multiple DACs (Bailey & Wood, 2007; Irish et al., 2018).
However, for the most part, a specimen displaying multiple small DACs or LACs would
presumably be scored as having a small accessory C6 or C7, a minor expression of the trait.
CONCLUSION
We find that there are a number of patterns in lower molar accessory cusp expression at
the EDJ. Paranthropus robustusM1s and M2s very often have a DAC and no LAC, and no
LACs were found in any Australopithecus or Paranthropus M1s. Homo habilis M1s and
M2s very often combine the absence of a DAC with the presence of a LAC. However, the
EDJ also reveals a high level of complexity in accessory cusp expression that is not
always visible at the OES. Cusp-like morphologies at the OES may, at the EDJ, be
represented by one or more dentine horns, or by a shouldering on the marginal ridge of
one of the main cusps, or seemingly by nothing at all. We therefore suggest that, where
possible, accessory cusps are assessed at the EDJ as well as the OES. Even so, our
understanding of the development of these traits is poor and we cannot be sure they
are generated by the same developmental mechanisms in all cases. Further, our
understanding of the development of accessory cusps suggests that they are dependent on a
number of factors such as the size and spacing of earlier forming cusps and the space
available on the crown, suggesting it may be preferable to analyze these factors directly.
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A large portion of the Homo habilis hypodigm consists of dental remains, including key 
specimens from Olduvai Gorge in Tanzania. The type specimen of the species, OH 7, includes 
the mandible with a nearly complete tooth row, and specimens such as OH 13 and OH 16 
preserve mandibular and maxillary tooth rows. Teeth are useful in studying hominin 
systematics, and the outer enamel surface (OES) morphology of the H. habilis dentition has 
been studied extensively. We investigate for the first time the enamel-dentine junction (EDJ) 
morphology of H. habilis postcanine teeth from Olduvai Gorge and Koobi Fora, and, using 
geometric morphometrics, compare with specimens of Australopithecus, Homo erectus and 
later Homo (modern humans, Neanderthals, and middle-Pleistocene Homo). 
We find that for a number of H. habilis specimens, the postcanine dental morphology is very 
primitive. The type specimen OH 7, as well as OH 24 and several Koobi Fora specimens (KNM-ER 
1802, KNM-ER 1813), show an EDJ morphology that is largely within the range of variation for 
Australopithecus and that retains several primitive features. This suggests that the postcanine 
dental changes associated with later species of the genus Homo were not present in the earliest 
members of our genus.  
However, we also find considerable variation within the H. habilis hypodigm. While Bed I 
Olduvai specimens such as OH 7 and OH 24 show a largely primitive morphology, some Bed II 
specimens show a more derived condition. This is most notable in OH 16, which displays a suite 
of derived features, particularly in the mandibular and maxillary premolars. In these respects, 
the specimen is more derived than the early African H. erectus sample. OH 13 is the youngest 
specimen assigned to H. habilis, and although it shows some derived aspects of postcanine 
morphology, other key features are more similar to Bed I specimens such as OH 7.  This makes a 
simple model of evolution within the H. habilis lineage unlikely, and instead suggests a 





The species H. habilis was first described in 1964 to accommodate material recovered from 
Olduvai Gorge in Tanzania, which was notably more gracile than the type specimen of 
Zinjanthropus (Paranthropus) boisei published five years earlier1,2. The material was suggested 
to display a cranial capacity between that of Australopithecus and Homo erectus, as well as 
relatively large incisors and canines1. The validity of the species was initially questioned on a 
number of grounds, with several authors suggesting that the Olduvai sample was not 
homogenous, with older specimens from Bed I representing Australopithecus, while younger 
Bed II specimens could be attributed to Homo erectus3,4 (also see comments in5). These 
suggestions were undermined by further discoveries at Olduvai, particularly a nearly complete 
cranium, OH24, that shared key features with Bed II specimens, but itself derived from the base 
of Bed I 6,7. Others suggested there may be taxonomic differences between Bed II specimens, 
with alternate suggestions that either OH 13, the youngest specimen attributed to H. habilis, or 
the slightly older OH 16, share more similarities with H. erectus5,8,9, although fewer specimens 
of early African H. erectus were known at the time. Subsequently, further discoveries at other 
sites in Kenya, Ethiopia and South Africa led to the general acceptance of H. habilis as a 
species10-15.  
Despite this, there remain a number of unresolved issues regarding the relationship between H. 
habilis and other hominin taxa, and ultimately the origin and evolution of the genus Homo 
remains poorly understood. A number of authors have suggested that the variation in the non-
erectus early Homo sample exceeds that expected for a single species, and that a second 
species, sometimes referred to as Homo rudolfensis, can also be recognized16-20. Additionally, 
the first appearance date of early Homo has been pushed back by a number of discoveries of 
Homo material older than 2 Mya21,22, the oldest of which is a mandible from Ledi Geraru at 
2.8Ma23. It is also worth noting that some authors have suggested that some material currently 
assigned to H. habilis sensu lato may in fact be better classified as Australopithecus due to a 
lack of clear synapomorphies with later Homo24-26. The material from Olduvai is crucial to these 
debates; of particular importance is the type specimen of H. habilis, OH 7. A recent 
reconstruction of the mandible suggested that the arcade shape is incompatible with several H. 
rudolfensis specimens, supporting the interpretation that two species of early Homo (as well as 
H. erectus) are sampled in the eastern African fossil record27.  
A large portion of the H. habilis hypodigm consists of dental remains, with OH 7 preserving a 
nearly complete mandibular tooth row, and OH 13 and OH 16 preserving most mandibular and 
maxillary teeth. The dentition of these specimens has been studied extensively, however there 
are relatively few features of the postcanine teeth that are considered distinctive of the 
species. The initial description of H. habilis described the postcanine teeth as buccolingually 
narrow1, which may represent a H. habilis autapomorphy, but otherwise the H. habilis dentition 
is considered to be relatively generalized18. However, these studies have only considered the 
outer-enamel surface (OES) morphology of these specimens. The OES morphology is frequently 
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obscured by the effects of occlusal dental wear, and this is the case for numerous teeth in the 
Olduvai sample. For example, the lower first molars of OH 7, OH 13 and OH 16 are moderately 
to heavily worn, and some details of the crown morphology of these teeth are difficult to assess 
as a result. More often than not, analysis is based on a 2D occlusal perspective of crown shape 
that ignores the vertical components of both crown height and cusp height. Internal dental 
structures are often preserved in cases of moderate tooth wear, and a number of studies have 
demonstrated that the morphology of the enamel-dentine junction (EDJ) is taxonomically 
informative28-31.  
Using new micro-CT scans, we image the EDJ of a number of H. habilis postcanine teeth from 
Olduvai Gorge, as well as early Homo specimens from Koobi Fora. Using 3D landmark-based 
geometric morphometrics, we characterize the major EDJ shape differences between 
Australopithecus and later Homo and identify which of these changes are present in specimens 
of H. habilis. We also aim to identify aspects of EDJ morphology that may be unique to H. habilis 
by comparing to other taxa, including H. erectus.  
Methods 
Study Sample The study sample is summarized in Table 1, and a detailed list of the specimens 
included can be found in Supplementary Table 1. The sample consists of 481 postcanine teeth 
(307 molars and 174 premolars). This includes 16 teeth assigned to H. habilis (OH 4, 7, 13, 15, 
16, 21, 24, 39, 45) from Olduvai Gorge in Tanzania and Koobi Fora (KNM-ER 1502, 1802, 1813) 
in Kenya. In addition, the specimen KNM-ER 1590 is included, which has been suggested to 
belong to a second species of non-erectus early Homo, through its cranial similarities with KNM-
ER 1470. The H. erectus sample is limited to early east African H. erectus, as this provides the 
most appropriate comparison for the early Homo material (KNM-ER 806, 992, 1808, 3733 and 
KNM-BK 67). OH 22 is also assigned to H. erectus, but shows some morphological differences 
from other specimens, and so is separated from the main H. erectus sample in figures.  Finally, 
we compare to a pooled Australopithecus sample, consisting of Australopithecus afarensis and 
Australopithecus africanus, and a pooled later Homo sample, consisting of modern humans, 
Neanderthals and Middle-Pleistocene Homo. These groups are pooled to allow us to identify 
the overall EDJ shape changes that have taken place during the evolution of the genus Homo, 
and subsequently identify which of these traits are present in H. habilis.  
Terminology Throughout the chapter we refer to the morphology of the EDJ rather than the 
OES unless otherwise specified.  At the EDJ it is clear that the height of the crown can be 
divided into two components: dentine body height and dentine horn height. Dentine body 
height refers to the distance between the cervix and the marginal ridges that encircle the 
occlusal basin, while dentine horn height refers to the distance between the marginal ridges 
and the tip of the tallest dentine horn. Total crown height is the combination of the two. 
Microtomography Microtomographic scans of the premolar sample were obtained using 
either a SkyScan 1172 or SkyScan 1173 at 100–130 kV and 90–130 microA, a BIR ACTIS 225/300  
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scanner at 130 kV and 100–120 microA, a Diondo d3 at 100–140 kv and 100–140 microA and 
reconstructed as 16-bit tif stacks with an isometric voxel resolution ranging from 13-45 microns.  
Segmentation 
For the majority of specimens, TIFF stacks were filtered using either a mean of least variance 
filter (kernel size one) or a 3D median filter, followed by a mean of least variance filter (each 
with a kernel size of three), implemented using MIA open source software32. Filtered image 
stacks were segmented in Avizo 6.3 (Visualization Sciences Group, 2010) using a seed growing 
watershed algorithm employed via a custom Avizo plugin to segment enamel from dentine, 
before being checked manually. In specimens with particularly poor contrast between tissue 
types, enamel and dentine were segmented using the magic wand tool in Avizo v.8.0 (FEI 
Visualization Sciences Group) with manual corrections and use of the interpolation where 
enamel and dentine could not be precisely demarcated (For more details, see30). Once enamel 
and dentine were segmented, a triangle-based surface model of the EDJ was produced using 
the unconstrained smoothing parameter in Avizo and then saved in polygon file format (.ply).  
Table 1. Sample summary. The hominin taxa included in the sample are listed, along with their 
locality and the sample size for each mandibular (top) and maxillary (bottom) tooth position. 
Abbreviations: UL = University of Leipzig, MPI = Max Planck Institute 
 
Taxon Locality P3 P4 M1 M2 M3 
Australopithecus  Hadar, Ethiopia; Laetoli, Tanzania; Sterkfontein and 
Makapansgat, South Africa  
12 16 15 22 16 
Homo habilis Olduvai Gorge, Tanzania; Koobi Fora, Kenya 4 4 5 4 3 
Homo erectus Baringo and Koobi Fora, Kenya; Olduvai Gorge, 
Tanzania 
3 3 3 5 3 
Late Homo Abri Suard, Combe Grenal, La Quina, Le Moustier, 
Le Regourdou, Roc de Marsal and St. Césaire, 
France; Ehringsdorf, Germany; El Sidrón, Spain; 
Krapina and Vindija, Croatia; Lakonis, Greece; 
Scladina, Belgium; Anatomical Collections, MPI and 
UL; Archaeological Collections, Belgium; Cave of 
Hearths, South Africa; Mauer, Germany; Mala 
Balanica, Serbia 
23 19 30 37 25 
       
Taxon Locality P3 P4 M1 M2 M3 
Australopithecus  Hadar, Ethiopia; Laetoli, Tanzania; Sterkfontein and 
Makapansgat, South Africa  
11 10 13 9 12 
Homo habilis Olduvai Gorge, Tanzania; Koobi Fora, Kenya 3 5 6 4 4 
Homo rudolfensis Koobi Fora, Kenya 1 1 1 1 - 
Homo erectus Koobi Fora, Kenya 1 1 - 1 - 
Late Homo Abri Bourgeois-Delaunay, Combe Grenal, La Quina, 
Le Moustier, Roc de Marsal and St. Césaire, France; 
El Sidrón, Spain; Krapina, Croatia; Scladina, 
Belgium; Anatomical Collections, MPI and NMNH; 
Archaeological Collections, Belgium 
29 28 28 41 19 
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In some cases, dental wear removed dentine horn tips. Where this wear was minimal and 
multiple observers were confident of the dentine horns original position, dentine horns were 
reconstructed using surface modification tools in Geomagic Studio 2014 
(https://www.geomagic.com). This was restricted to cases in which the wear was less than 
wear level 3 as defined by Molnar33. 
Landmark collection and derivation of homologous landmark sets 
3D landmarks were collected in Avizo 6.3, and homologous landmarks were derived in R using 
the package Morpho34. Anatomical landmarks were placed at the tip of each main cusp, while 
sliding semilandmarks were placed around the EDJ marginal ridges and cementum-enamel 
junction (CEJ), following previously published protocols for premolars35,36 and molars31,37.  
Analysis of EDJ shape and size 
Principal components analysis (PCA) was carried out using the Procrustes coordinates of each 
specimen in shape space. This was completed separately for each tooth position. The size of 
specimens was analysed using the natural logarithm of centroid size in separate analyses 
combining all tooth positions (separately for mandibular and maxillary) to allow comparisons of 
size patterns across the tooth row.  
Results 
Figure 1 shows PCA plots of EDJ shape for each tooth position. In each case, PC1 separates 
Australopithecus from the later Homo sample. This corresponds to a number of shape 
differences present throughout the postcanine dentition of the later Homo group that 
distinguish them from Australopithecus. The shape changes associated with PC1 are visualised 
in Figure 2 (mandibular teeth) and Figure 3 (maxillary teeth).  
One notable shape change is an increase in the height of the dentine body (defined here as the 
distance between the cervix and the EDJ marginal ridge) in later Homo. This difference in 
dentine body height is present across all postcanine tooth positions, although it is less clear in 
the upper molars. Further shape changes in later Homo include a reduction in the talon/talonid 
region in the premolars, a relatively taller and more distally placed protoconid in the lower 
molars, and a reduction in the distal portion of the crown in the upper molars (Table 2). 
A number of early Homo specimens overlap with the Australopithecus range in PC1, including 
all preserved tooth positions of the type specimen of H. habilis, OH 7. This indicates that in the 
features discussed above that serve to distinguish later Homo specimens from Australopithecus, 
OH 7 is within the Australopithecus range of variation. For example, the mandibular premolar 
talonids are not reduced and the dentine body height is either short (P4, M1) or slightly taller 
than the Australopithecus mean (P3, M2). Other Bed I Olduvai specimens OH 4, 24 and 39 also 





Figure 1 – PCA plots showing variation in EDJ shape for each postcanine tooth position. Homo habilis 
specimens are represented by green points. All plots show the first two principal components, 




1813 from Koobi Fora. Table 2 summarises the condition observed in selected Olduvai H. habilis 
specimens for these traits.  
A more derived condition is seen in OH 16; the teeth of this specimen occupy a more positive 
position along PC1 in most tooth positions and display the most derived morphology of any H. 
habilis specimen included here (Table 2). This is particularly evident in the mandibular and 
maxillary premolars, which display a range of derived features including a tall dentine body 
height, reduced talon/talonid regions and an interrupted P3 mesial marginal ridge. OH13 shows 
Figure 2 – Wireframe images of the shape changes associated with the first principal component 
for each mandibular tooth position. For each tooth, the wireframes show the landmark positions 
associated with the extremes of PC1 (± 1.5 standard deviations from the mean). Wireframes for 
each tooth position show CEJ ridge landmarks (blue lines), EDJ ridge landmarks (black lines) and 
landmarks for the main cusps (black circles) in occlusal view (top) and lingual view (bottom). 
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a mixed pattern; the P3 and M2 are most similar to OH 7 and KNM-ER 1802, while the P4, M2 
and M3 appear to be more derived, similar to OH 16.  
Some tooth positions provide better distinction between specimens of Australopithecus and 
early Homo than others. For example, while the M2s of H. habilis and H. erectus largely overlap 
with those of Australopithecus, there is better distinction in other tooth positions, particularly 
the M3s (Figure 1). This is well illustrated in the example of KNM-ER 1813. The P4, M1 and M2 of 
this specimen plot with Australopithecus, while the M3 is outside the range of variation of 
Australopithecus, reflecting the mesiodistally shortened crown. These features align it with  
Figure 3 – Wireframe images of the shape changes associated with the first principal component for 
each maxillary tooth position. For each tooth, the wireframes show the landmark positions 
associated with the extremes of PC1 (± 1.5 standard deviations from the mean). Wireframes for each 
tooth position show CEJ ridge landmarks (blue lines), EDJ ridge landmarks (black lines) and 
landmarks for the main cusps (black circles) in occlusal view (top) and lingual view (bottom). 
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Table 2 – EDJ shape changes in later Homo, and the condition in Olduvai specimens. The shape 
changes listed are those that are associated with PC1 in the EDJ shape analysis for various tooth 
positions, which separates later Homo from Australopithecus. The condition in later Homo is 
described in the first column, and the condition in key Olduvai H. habilis specimens is described in 




OH 7 OH 13 OH 16 OH24 
Increased dentine 
body height  
(all teeth) 
Dentine body short 
(P4, M1) or 
intermediate (P3, M2) 
Dentine body 
intermediate (P3, 
P4, M2, M3, P3, P4, 
M1, M2, M3) or tall 
(M1) 
Tall dentine 
body (all teeth) 
Intermediate 
dentine body 
height (P4, M1) 
Talon/talonid 
reduction  
(P3, P4, P3, P4) 
No talonid reduction 
(P3 and P4) 
No talonid 
reduction in P3, 
moderate 
talon/talonid 
reduction in P4, 
P3, P4 
Talon/talonid 












reduction in P4, 
none in P3 
Metaconid 
reduced 
(P3 and P4) 
Metaconid 
reduced in P3, 
less in P4 
- 
Protocone taller and 
more distally placed 





(M1, M2, M3) 
Protocone tall 
and distally 




taller but not 
distally placed 
(M1) 
Reduction in distal 
end of crown 
(M1, M2, M3) 
- 
No distal 
reduction in M1, 
intermediate in 
M2, clear 
reduction in M3 
Distal reduction 





taller and more 
distally placed 
(M1, M2, M3) 1 
Protoconid 
marginally taller and 
more distal (M1, M2) 
Protoconid tall 
but not distally 
placed 
(M1, M2, M3) 
Protoconid tall 
but not distally 
placed 
(M1, M2, M3) 
- 





(M1, M2, M3) 2 











and M3 more 
rounded 
- 
1 First molars of H. habilis show wear on protocone/protoconid, these results are based on cusp reconstructions 
2 H. habilis has been described as having mesiodistally elongated molars (and premolars) relative to 





other H. habilis specimens, although it is not as derived along PC3 as OH 13, 15 and 16, all from 
Olduvai Bed II.  
Figure 4 shows the tooth size patterns across the tooth row in H. habilis compared with 
Australopithecus and later Homo (full centroid size results in Supplementary Table 1 and 
Supplementary Figure 1). The size of the mandibular teeth of H. habilis are largely within the 
range of Australopithecus, with only the P3s of KNM-ER 1802 and OH 16 larger than the largest 
Australopithecus P3s (Figure 4A). Further, the P4s are generally larger than the P3s, which is the 
pattern seen in Australopithecus, but not in H. erectus, where the premolars are of similar sizes. 
An exception is OH 16, for which the premolars are similar in size, with the P3 marginally bigger. 
Only two H. habilis specimens included here preserve all three mandibular molars; in OH 13 the 
M3 is larger than the M2, while in OH 16, the M2 is largest (Figure 4B). For the maxillary molars, 
the H. habilis specimens occupy the smaller end of the Australopithecus size range, with several 
teeth smaller than any Australopithecus specimen included here. As in the mandibular teeth, 
OH 13 has a larger P4 than P3, while OH 16 shows the opposite pattern. The molars of OH 16 are 
all of a similar size, while in OH 13 and KNM-ER 1813 the M2 is largest, although the difference 
is less pronounced in OH 13.  
Discussion 
There are a suite of features at the EDJ that distinguish the postcanine teeth of later Homo from 
Australopithecus (Table 2), however when considering these features, H. habilis specimens such 
as OH 7, OH24, KNM-ER 1802 and KNM-ER 1813 invariably retain the primitive condition. This is 
reflected in the position of these specimens in the PCA of EDJ shape (Figure 1) and suggests an 
Australopithecus-like postcanine dental pattern in these specimens. This calls into question the 
degree to which post-canine tooth crown morphology can be used to distinguish between 
Australopithecus and H. habilis.  
We might, for example, expect to find some autapomorphic H. habilis postcanine traits; traits 
that distinguish these specimens from Australopithecus but are not shared with later Homo 
taxa. Previous studies have suggested that buccolingually narrow teeth represent such a trait. 
The initial description of H. habilis states that all teeth are buccolingually narrow, but that this is 
clearest in the lower premolars1, while others have suggested this is limited only to some tooth 
positions38-41. We also find that this is not a simple pattern; OH 7 and KNM-ER 1802 have 
buccolingually narrow M1s and M2s at the EDJ, but other specimens show a mixed pattern, with 
some teeth buccolingually wider, or unchanged relative to Australopithecus. However direct 
comparisons between this and previous studies are complicated by the differing methods used. 
We assess crown shape at the EDJ rather than at the enamel surface, and assess the shape only 
of the CEJ and EDJ marginal ridges. This means our assessment of crown shape does not take 
into account the topology of the lateral faces of the tooth, nor the impact of lateral enamel 






Figure 4 – Centroid size across the tooth row. Plots show the natural logarithm of centroid size, 
calculated separately for A) the mandibular postcanine tooth row, and B) the maxillary postcanine 
tooth row. In both plots, Australopithecus is shown in red, Later Homo in purple, and Homo habilis in 
green. H. habilis specimens that preserve complete or nearly complete tooth rows are labelled and 
connected using black lines 
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assessed crown shape by calculating crown shape index, a ratio of maximum buccolingual and 
mesiodistal dimensions of the tooth. Instead, we visually assess EDJ shape using wireframe 
models of Procrustes aligned shape data, giving a more detailed assessment of crown shape.  
Unlike the more mesially located teeth in the maxilla, we find that the shape of the M3s is 
distinctive in H. habilis among our sample (Figure 1); the H. habilis specimens have a 
mesiodistally short, often rounded crown with a mesially placed metacone. However, it should 
be noted that no H. erectus M3s were included; KNM-ER 807, often attributed to H. erectus, has 
a similar shape at the OES. It appears particularly similar to OH 16, which is more strongly 
asymmetrical than the other H. habilis specimens. The M3 of KNM-WT 15000 however shows 
an altogether different crown shape, and may in fact reflect a pathology of crown formation 
(The OES of both specimens are shown in Supplementary Figure 2).  
We also find a considerable level variation within the H. habilis hypodigm (see Figs. 5 and 6) 
that could be considered excessive if sampling a single species, although this remains to be 
formally tested. Bed I Oldvuai specimens generally show a more Australopithecus-like 
morphology; OH 7 (~1.84Ma44) and OH 24 (~1.86Ma44) are close to or within the 
Australopithecus range of variation for all preserved tooth positions, while OH 39 (~1.82Ma44) is 
Figure 5 – Olduvai Homo habilis mandibular tooth rows. Three H. habilis tooth rows are shown, OH 7, 
OH 13, and OH 16. Each is shown in occlusal view at the outer enamel surface (left) and enamel-
dentine junction (right) 
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within the Australopithecus range for both premolars but has a more derived M2. Of the Koobi-
Fora specimens, KNM-ER 1802 is oldest at 1.98-2.09Ma45. The postcanine teeth are consistently 
Australopithecus-like in morphology, and are the largest of any H. habilis specimen. The best-
preserved H. habilis specimens from Bed II are OH 13 and OH 16, both of which preserve entire 
mandibular and maxillary postcanine tooth rows. OH 13 is from the middle of Bed II and is the 
youngest specimen assigned to H. habilis, with a suggested age of 1.65Ma46,47. OH 16 is older, 
deriving from the lower section of Bed II. The specimen comes from above marker Tuff IF, which 
makes it no older than 1.8Ma44,48.  
Some early criticisms of the naming of the species H. habilis suggested that these Bed II 
specimens represented a different taxa to the Bed I material3,4, while others suggested the Bed 
II specimens could be distinguished from each other, with either OH 13 5,8 or OH 16 9 more 
similar to H. erectus. We find that OH 16 is clearly more derived than other H. habilis specimens 
in postcanine EDJ morphology, displaying a suite of derived traits (Table 2). Relatively few 
specimens of early African H. erectus were included, but it is clear that OH 16 is more derived 
than these specimens in several key features, particularly when considering the mandibular and 
maxillary premolars. This could suggest evolution within the H. habilis lineage over time, 
however OH 13, despite its younger age, is not as derived. The P4, M1 and M2 are similar to OH 
16, but for a number of tooth positions such as the P3, the morphology is more similar to Bed I 
Figure 6 – Olduvai Homo habilis maxillary tooth rows. Three H. habilis tooth rows are shown, OH 7, 
OH 13, and OH 16. Each is shown in occlusal view at the outer enamel surface (left) and enamel-
dentine junction (right) 
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specimens such as OH 7. It is possible that this simply represents the normal variation expected 
within a species, however the morphology of some OH 16 teeth does appear markedly more 
derived than other specimens despite their generally large size. Further research is needed to 
assess whether the variation in postcanine EDJ morphology seen in H. habilis exceeds that 
expected of a single species, which would likely require the use of a large sample of extant 
apes.  
Finally, a number of authors have suggested that there is a second non-H. erectus early Homo 
species present in the eastern African fossil record18-20,27,49. Much of this debate initially centred 
on the cranium KNM-ER 1470 due to its large size and several aspects of facial and cranial 
morphology that were judged to differ substantially from key specimens assigned to H. habilis, 
and particularly KNM-ER 181310,17,19. Recent work has provided support for a second early 
Homo species through the discovery of new fossils20 and virtual reconstruction of the OH 7 
mandible27. A specimen included here that is relevant to this discussion is KNM-ER 1590. The 
specimen consists of a cranium and associated maxillary teeth that has been grouped with 
KNM-ER 1470 largely due to the size of the cranium10. The KNM-ER 1590 cranium is not as well 
preserved as KNM-ER 1470, but crucially the specimen does preserve permanent and 
deciduous maxillary teeth (no tooth crowns are preserved in KNM-ER 1470). Our results show 
that the specimen appears more dentally derived than KNM-ER 1813, as shown by the relative 
positions of the specimens along PC1 in P4-M2 (Figure 1), but the EDJ shape is similar to a 
number of other H. habilis specimens. For example, the P4 and M1 are similar to OH 24, while 
the M2 plots closely to OH 16 and OH 39. However, the KNM-ER 1590 teeth are very large; they 
are above the H. habilis and Australopithecus range for each tooth position. Spoor et al27 
suggested that species of early Homo may be characterized by gnathic diversity more than 
endocranial size. Although the KNM-ER 1590 teeth are large, we do not find clear evidence of a 
difference in dental morphology between the taxon represented by KNM-ER 1590 and 
specimens of H. habilis.  However, it should be noted that specimens crucial to this discussion 
such as A.L. 666-1, OH 65, KNM-ER 62000 and KNM-ER 62003 could not be included and should 
be assessed in future studies.   
Conclusion 
We find that the postcanine EDJ morphology of a number of key specimens of H. habilis, 
including the type specimen OH 7, is very similar to that of Australopithecus, suggesting that 
postcanine dental changes that are associated with later species of the Homo genus, were not 
present in the earliest members of our genus. The postcanine morphology of H. habilis is largely 
generalized. However, there is variation within the hypodigm; Bed II specimen OH 16 shows a 
suite of derived traits that distinguish it from other H. habilis specimens, but do not appear to 







1 Leakey, L. S. B., Tobias, P. V. & Napier, J. R. A New Species of The Genus Homo From 
Olduvai Gorge. Nature 202, 7-9 (1964). 
2 Leakey, L. S. B. A new fossil skull from Olduvai. Nature 184, 491-493 (1959). 
3 Robinson, J. T. Homo ‘habilis’ and the australopithecines. Nature 205, 121-124 (1965). 
4 Simons, E. L., Pilbeam, D. & Ettel, P. C. Controversial taxonomy of fossil hominids. 
Science 166, 258-259 (1969). 
5 Tobias, P. V. et al. New discoveries in Tanganyika: Their bearing on hominid evolution 
[and Comments and Reply]. Current Anthropology 6, 391-411 (1965). 
6 Leakey, M. D., Clarke, R. J. & Leakey, L. S. B. New hominid skull from Bed I, Olduvai 
Gorge, Tanzania. Nature 232, 308-312 (1971). 
7 Tobias, P. V. The Skulls, Endocasts, and Teeth of Homo habilis: pt. 1-4.  (Cambridge 
University Press, 1991). 
8 Tobias, P. & von Koenigswald, G. A comparison between the Olduvai hominines and 
those of Java and some implications for hominid phylogeny. Current Anthropology 6, 
427-431 (1965). 
9 Leakey, L. S. B. Homo habilis, Homo erectus and the Australopithecines. Nature 209, 
1279-1281 (1966). 
10 Wood, B. A. Koobi Fora Research Project: Volume 4. Hominid cranial remains.  
(Clarendon Press, 1991). 
11 Boaz, N. T. & Clark Howell, F. A gracile hominid cranium from Upper Member G of the 
Shungura Formation, Ethiopia. American Journal of Physical Anthropology 46, 93-108 
(1977). 
12 Coppens, Y. in Current Argument on Early Man (ed Königsson, L. K.) 207-225 (Pergamon 
Press, 1980). 
13 Suwa, G., White, T. D. & Howell, F. C. Mandibular postcanine dentition from the 
Shungura Formation, Ethiopia: Crown morphology, taxonomic allocations, and Plio-
Pleistocene hominid evolution. American Journal of Physical Anthropology 101, 247-282 
(1996). 
14 Hughes, A. R. & Tobias, P. V. A fossil skull probably of the genus Homo from 
Sterkfontein, Transvaal. Nature 265, 310-312 (1977). 
15 Grine, F. E., Demes, B., Jungers, W. L. & Cole III, T. M. Taxonomic affinity of the early 
Homo cranium from Swartkrans, South Africa. American Journal of Physical 
Anthropology 92, 411-426 (1993). 
16 Groves, C. P. A Theory of Human and Primate Evolution.  (Clarendon Press, 1991). 
17 Lieberman, D. E., Pilbeam, D. R. & Wood, B. A. A probabilistic approach to the problem 
of sexual dimorphism in Homo habilis: a comparison of KNM-ER 1470 and KNM-ER 1813. 
Journal of human evolution 17, 503-511 (1988). 
18 Wood, B. A. Origin and evolution of the genus Homo. Nature 355, 783-790 (1992). 
19 Rightmire, G. P. Variation among early Homo crania from Olduvai Gorge and the Koobi 
Fora region. American Journal of Physical Anthropology 90, 1-33 (1993). 
20 Leakey, M. G. et al. New fossils from Koobi Fora in northern Kenya confirm taxonomic 
diversity in early Homo.  488, 201 (2012). 
Chapter 3
72
21 Kimbel, W. H., Johanson, D. C. & Rak, Y. Systematic assessment of a maxilla of Homo 
from Hadar, Ethiopia. American Journal of Physical Anthropology 103, 235-262 (1997). 
22 Schrenk, F., Bromage, T. G., Betzler, C. G., Ring, U. & Juwayeyi, Y. M. Oldest Homo and 
Pliocene biogeography of the Malawi rift. Nature 365, 833-836 (1993). 
23 Villmoare, B. et al. Early Homo at 2.8 Ma from Ledi-Geraru, Afar, Ethiopia. Science 347, 
1352-1355 (2015). 
24 Blumenschine, R. J. et al. Late Pliocene Homo and hominid land use from western 
Olduvai Gorge, Tanzania. Science 299, 1217-1221 (2003). 
25 Clarke, R. J. A Homo habilis maxilla and other newly-discovered hominid fossils from 
Olduvai Gorge, Tanzania. 63, 418-428 (2012). 
26 Clarke, R. J. in Proceedings of the II Meeting of African Prehistory (eds Sahnouni, M., 
Semaw, S. & Garaizar, J. R.) 23-51 (CENIEH, 2017). 
27 Spoor, F. et al. Reconstructed Homo habilis type OH 7 suggests deep-rooted species 
diversity in early Homo. Nature 519, 83 (2015). 
28 Skinner, M. M., Gunz, P., Wood, B. A. & Hublin, J-J. Enamel-dentine junction (EDJ) 
morphology distinguishes the lower molars of Australopithecus africanus and 
Paranthropus robustus. Journal of Human Evolution 55, 979-988 (2008). 
29 Pan, L. et al. Further morphological evidence on South African earliest Homo lower 
postcanine dentition: Enamel thickness and enamel dentine junction. Journal of human 
evolution 96, 82-96 (2016). 
30 Zanolli, C. et al. Evidence for increased hominid diversity in the Early to Middle 
Pleistocene of Indonesia. Nature ecology & evolution 3, 755-764 (2019). 
31 Martin, R. M., Hublin, J-J., Gunz, P. & Skinner, M. M. The morphology of the enamel–
dentine junction in Neanderthal molars: Gross morphology, non-metric traits, and 
temporal trends. Journal of human evolution 103, 20-44 (2017). 
32 Wollny, G. et al. MIA-A free and open source software for gray scale medical image 
analysis. Source code for biology and medicine 8, 20 (2013). 
33 Molnar, S. Human tooth wear, tooth function and cultural variability. American Journal 
of Physical Anthropology 34, 175-189 (1971). 
34 Schlager, S. in Statistical shape and deformation analysis (eds Zheng G., Li, S., Szekely, 
G.) 217-256 (Academic Press, 2017). 
35 Davies, T. W. et al. Distinct mandibular premolar crown morphology in Homo naledi and 
its implications for the evolution of Homo species in southern Africa. Scientific reports 
10, 1-13 (2020). 
36 Davies, T. W., Delezene, L. K., Gunz, P., Hublin, J. J. & Skinner, M. M. Endostructural 
morphology in hominoid mandibular third premolars: Geometric morphometric analysis 
of dentine crown shape. Journal of Human Evolution 133, 198-213 (2019). 
37 Skinner, M. M. et al. A dental perspective on the taxonomic affinity of the Balanica 
mandible (BH-1). Journal of human evolution 93, 63-81 (2016). 
38 Wood, B. A. & Uytterschaut, H. Analysis of the dental morphology of Plio-Pleistocene 
hominids. III. Mandibular premolar crowns. Journal of anatomy 154, 121-156 (1987). 
39 Wood, B. A., Abbott, S. A. & Uytterschaut, H. Analysis of the dental morphology of Plio-
Pleistocene hominids. IV. Mandibular postcanine root morphology. Journal of anatomy 
156, 107-139 (1988). 
Chapter 3
73
40 Wood, B. A. & Engleman, C. A. Analysis of the dental morphology of Plio-Pleistocene 
hominids. V. Maxillary postcanine tooth morphology. Journal of Anatomy 161, 1-35 
(1988). 
41 White, T. D., Johanson, D. C. & Kimbel, W. H. in New Interpretations of Ape and Human 
Ancestry   (eds Ciochon, R. L. & Corruccini, R. S.)  721-780 (Springer US, 1983). 
42 Olejniczak, A. J. et al. Three-dimensional molar enamel distribution and thickness in 
Australopithecus and Paranthropus. Biology Letters 4, 406-410 (2008). 
43 Skinner, M. M., Alemseged, Z., Gaunitz, C. & Hublin, J-J. Enamel thickness trends in Plio-
Pleistocene hominin mandibular molars. Journal of human evolution 85, 35-45 (2015). 
44 Deino, A. L. 40Ar/39Ar dating of Bed I, Olduvai Gorge, Tanzania, and the chronology of 
early Pleistocene climate change. Journal of Human Evolution 63, 251-273 (2012). 
45 Joordens, J. C. et al. Improved age control on early Homo fossils from the upper Burgi 
Member at Koobi Fora, Kenya. Journal of human evolution 65, 731-745 (2013). 
46 Spoor, F. et al. Implications of new early Homo fossils from Ileret, east of Lake Turkana, 
Kenya. Nature 448, 688-691 (2007). 
47 Leakey, M. D. Olduvai Gorge: Volume 3, excavations in Beds I and II, 1960-1963. Vol. 3 
(Cambridge University Press, 1971). 
48 Day, M. H., Leakey, R. E. F., Walker, A. C. & Wood, B. A. New hominids from East 
Turkana, Kenya. American Journal of Physical Anthropology 45, 369-435 (1976). 
49 Stringer, C. B. in Major Topics in Primate and Human Evolution (eds B.A. Wood, L.B. 







The aim of this thesis was to investigate the morphology of internal tooth structures of fossils 
belonging to the genus Homo and explore the implications for the systematics of the earliest 
members of our genus. Central to this aim was the analysis of material belonging to Homo 
habilis, including the type specimen, OH 7, and other well-preserved material from Olduvai 
Gorge in Tanzania. A number of specimens from Olduvai preserve nearly complete tooth rows, 
which is extremely useful in studies of dental morphology. Crucially for this thesis, micro-CT 
scans of these specimens show enough contrast between tissue types for enamel and dentine 
to be distinguished, allowing the enamel-dentine junction (EDJ) to be digitally segmented. Early 
Homo specimens with multiple teeth and good tissue contrast are rare, which makes the H. 
habilis material from Olduvai particularly important. Homo habilis fossils from Olduvai form 
crucial parts of the sample in Chapter 1 and 2, and they are the focus of Chapter 3.  
Chapter 1 analyses the morphology of the EDJ of mandibular premolars in Homo naledi. 
Although H. naledi remains are dated to the late Middle Pleistocene (Dirks et al. 2017), their 
morphology more closely resembles older Homo groups, particularly Homo erectus and H. 
habilis (Berger et al. 2015; Dembo et al. 2016; Irish et al. 2018; Thackeray 2015). This means 
that H. naledi’s phylogenetic position may have a direct relevance for early Homo systematics. 
In this chapter, we find that the premolar EDJ of H. naledi is highly distinctive, and 
morphologically very consistent. This conforms with previous work suggesting a low level of 
variability in H. naledi teeth (Delezene et al. 2017) and other aspects of the cranial and 
postcranial morphology (Berger et al. 2015; Laird et al. 2017; Marchi et al. 2017). This could 
suggest the H. naledi remains are from relatively closely related individuals in a single 
population, although this would have to be confirmed using ancient DNA analysis or 
proteomics. In terms of their morphological affinities, the premolars are not found to closely 
resemble those of any of the comparative taxa, and they differ substantially from premolars of 
H. erectus. However, as discussed in Chapter 3, the morphology of a number of H. habilis teeth 
is quite generalised, similar to Australopithecus, which makes them a better candidate as 
ancestor of H. naledi than the more derived H. erectus. However, the time difference between 
H. naledi and early members of the genus Homo complicates the issue; the H. erectus 
specimens included here are around 1.5 million years older than the age assigned to the H. 
naledi remains (Dirks et al. 2017; Wood 1991), which is more than enough time for reversals in 
a number of derived H. erectus features to take place. Ultimately, the most effective way to 
address this issue would be to find further fossils of H. naledi at other sites. We identify two 
specimens, from Swartkrans and Sterkfontein, that resemble the species in some premolar 
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features, but neither displays the full suite of H. naledi traits. Nonetheless, the distinctiveness 
of the H. naledi premolars may be useful in the future in identifying further specimens of the 
species, potentially from limited and fragmentary remains.  
Chapter 2 uses discrete trait analysis rather than the quantitative geometric morphometric 
approach used in Chapters 1 and 3. The chapter outlines a scoring system for molar accessory 
cusps at the EDJ and investigates the use of accessory cusps as taxonomic indicators. Specimens 
of early Homo have been associated with the presence of a lingual accessory cusp and absence 
of a distal accessory cusp, while the opposite arrangement is frequently seen in Paranthropus 
(Suwa et al. 1996; Wood & Abbott 1983). The results of this study suggest this pattern also 
holds at the EDJ, although there are a number of developmental complexities. Some features 
that appear to represent an accessory cusp at the enamel surface have no corresponding EDJ 
feature, while others correspond to a shouldering feature at the EDJ, but no clear dentine horn. 
The developmental basis of such traits remains unclear, and these results underline the 
importance of combining information from the enamel surface and EDJ wherever possible to 
avoid conflating traits that may not be developmentally homologous.  
In Chapter 3, the EDJ morphology of every postcanine tooth position in H. habilis is analysed, 
and one of the major findings is the markedly primitive nature of many representatives of the 
species. Specimens such as OH 7, OH 24 and KNM-ER 1813 show few derived postcanine 
features relative to Australopithecus. This is particularly striking as the origins of the genus 
Homo are thought to predate the age of OH 7 and other Bed I Olduvai specimens significantly. 
The Homo maxilla A.L. 666-1 predates OH 7 by around 500,000 years (Kimbel et al. 1997), while 
LD 350-1, a mandible attributed to Homo from Ledi Geraru, Ethiopia, is dated to 2.75-2.8Ma 
(Villmoare et al. 2015), making it around a million years older than OH 7. This would suggest 
that a primitive postcanine dental pattern was retained for a long time in the H. habilis lineage.  
An important question that arises from this work is whether we can expect to reliably 
distinguish between specimens of Australopithecus and early Homo on the basis of isolated 
postcanine teeth. In some cases, this would not be an issue. Specimens such as OH 16 and OH 
13 display several derived postcanine features that would preclude an assignment to 
Australopithecus even without considering any aspects of their cranial or mandibular 
morphology. However, if we instead consider the postcanine teeth of specimens such as OH 7 
or KNM-ER 1813, for example, the situation is less clear. The postcanine teeth of both 
specimens are largely within the range of Australopithecus in EDJ shape and size (Chapter 3). 
OH 7 may be distinguished by the mesiodistally elongated molars, or the presence of molar 
lingual accessory cusps, but the value of both traits has been called into question in this thesis 
(Chapter 3 and Chapter 2, respectively). The P3 morphology of OH 7 does differ from 
Australopithecus, as does the M3 morphology of KNM-ER 1813, which may be the clearest 
indications of a Homo designation in the postcanine dentition of these specimens. In reality, 
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both preserve cranial morphology, and in the case of OH 7, a mandible and postcrania, all of 
which supports the assignment of these specimens to Homo (Tobias 1991; Wood 1991). This is 
not always the case, however; a good example is provided by a specimen from Koobi Fora, 
KNM-ER 5431. The specimen consists solely of isolated teeth, the left and right P3-M2. While 
some have suggested an attribution to Australopithecus afarensis (Leonard & Hegmon 1987), 
others refrained from assigning the specimen to genus level, noting a number of Homo-like 
traits (Suwa 1990; Wood 1991). The taxonomy of this specimen is not trivial; it dates to around 
2.65Ma (McDougall & Brown 2008), meaning that if it were assigned to Homo, it would 
represent one of the oldest known representatives of the genus. It remains to be seen whether 
detailed assessment of the EDJ morphology of these teeth could provide insight into the 
specimen’s taxonomic affinities. 
FUTURE DIRECTIONS 
This thesis demonstrates the utility of studies of the EDJ in addressing issues of taxonomy and 
phylogeny through analysis of discrete traits, and through quantitative assessment of EDJ 
shape. The thesis also presents new data on H. habilis fossils that have been studied extensively 
for more than 50 years. Some of the questions surrounding the origins and early evolution of 
the genus Homo may only be addressed by the discovery of new fossils. Fieldwork remains 
vitally important, and discovering new fossils of early Homo or of H. naledi would be incredibly 
useful. However, advances in morphometrics can also provide new insights into the taxonomy 
and phylogeny of already discovered fossil remains, and there are several avenues of future 
research that could be useful in this regard.  
When considering accessory cusps, it is likely that a geometric morphometric method would be 
useful. In this case, there would be no need to create discrete categories; instead, the shape of 
the regions that accessory cusps are present in could be considered quantitatively. This method 
would be beneficial because it makes no assumptions about the developmental basis of these 
traits, and examples of low broad cusps, or shouldering, could be considered together with 
clear dentine horns. A similar methodology has been applied previously to the study of shovel-
shaped incisors (Carayon et al. 2019). However, the most significant issue with the use of 
accessory cusps for taxonomy is our poor understanding of the developmental basis of these 
traits, so studies of tooth morphogenesis remain extremely important.    
Chapters 1 and 3 use landmark based geometric morphometrics to analyse EDJ shape. The 
methods used in these chapters are well established and reliable. This method assesses EDJ 
shape through landmarks placed on the cervix and marginal ridges, as well as the tips of the 
main cusps, but it does not consider the shape of the occlusal basin, or the lateral faces of the 
EDJ. These aspects of morphology can be assessed using surface semilandmarks, or 
alternatively through the use of landmark-free deformation-based approaches, both of which 
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consider the entire EDJ surface. It is possible that including the whole EDJ surface will allow for 
a clearer distinction between early Homo and Australopithecus. These methods could also be 
used to analyse the EDJ shape of the anterior dentition. Canines and incisors do not have 
continuous marginal ridges, which means that if we were to apply the methods used in this 
thesis, only one semilandmark set could be placed; around the cervix. However, analysis of the 
entire EDJ surface may be more appropriate for these teeth. The main obstacle here would be 
the low number of unworn anterior teeth in the relevant fossil taxa. It is important to note that 
methods that consider the whole EDJ surface require better preservation of the EDJ than the 
method used in this thesis: the entire EDJ must be preserved, or it must be in a condition that 
allows reconstruction, which is often not possible.  
Finally, a potentially important future step would be the development of a method to analyse 
multiple tooth positions in a single analysis. In this case, instead of analysing each tooth 
individually, we could analyse the shape of the entire postcanine tooth row. In much the same 
way as the size relationship between tooth types is considered important for taxonomy 
(Bermúdez de Castro & Nicolás 1996; Johanson & White 1979; Robinson 1956), this analysis 
would enable the consideration of shape patterns across the tooth row. Equally, this could be 
addressed by considering the covariation between tooth positions in different taxa. These 
methods would require the samples to be restricted to relatively complete specimens, however 
this would be particularly useful for H. habilis as several of the key specimens preserve 
complete or nearly complete tooth rows. Furthermore, if the EDJ morphology of the tooth row 
is evaluated in anatomical position within the mandible or maxilla, we would be able to 
simultaneously assess the tooth morphology and arcade shape, providing a more complete and 
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Supplementary Note – SK 96 background and reconstruction 
SK 96, from Swartkrans Member 1, consists of a small mandible fragment with the roots of 
the first deciduous molar, as well as a permanent canine and third premolar. The SK 96 P3 
has a crack running diagonally across the crown, through the protoconid, that artificually 
lowers the mesiobuccal portion of the crown. The two portions of the enamel-dentine 
junction were realigned using the manual registration tool in Geomagic. This process was 
comlpeted twice, alternating which half of the enamel-dentine junction (EDJ) was used as a 
reference and which was moved to match. These will be labelled as reconstruction A and B. 
Secondly, while the majority of the cervix is fully formed on SK 96, a small portion on the 
lingual side extends more apically than the rest of the cervix, and appears to be incomplete. 
This portion of the cervix somewhat resembles the condition seen in double/tomes root 
specimens in which the enamel extends further apically in the radical between the root 
sections. However, in this case the enamel extends much further apically and inwards 
(buccally). To account for this, several landmark placements were completed for this portion 
of the cervix, and are numbered as follows: 
1) The extension of enamel was landmarked as it appears in the specimen, assuming the 
cervix was complete 
2) The landmarks positions were estimated based on where the cervix would have likely 
been when fully formed, based on the shape and thickness of the enamel and dentine in 
the undeveloped section 
3) The landmarks positions were estimated as a ‘most extreme’ estimate, in which the 
distance from the already deposited enamel was increased to test how our estimation 
impacts the results 
4) The landmarks were placed ignoring the enamel extension, instead running directly 
between portions of the cervix either side that are fully formed. 
This results in 8 reconstructions for the specimen in which each of the four cervix 
reconstructions are repeated for both crack reconstructions. Geometric morphometric analysis 
of EDJ and CEJ shape, and only cementum-enamel junction (CEJ) shape, were run in order 
to assess the affect these reconstructions have on the placement of the specimen, and the 
results are shown in Supplementary Figure 1. The reconstruction of the crack (labelled A and 
B) has a small impact but does not substantially change the position the specimen occupies in 
shape space. The cervix reconstructions have a small impact when CEJ and EDJ landmarks 
are included, but the difference between reconstructions is more substantial when only the 
CEJ is considered. In this case, reconstructions 1-3, in which the apical extension of the 
enamel are included, fall apart from all other specimens in the analysis. Reconstruction 4 (A 
and B), in which the apical extension of enamel is ignored, fall much closer to the other 
specimens in the sample, suggesting that these are a more realistic placement for the cervical 
landmarks.  
Overall, we suggest that B4 is the best reconstruction. This is because crack reconstruction B 
involves using the larger EDJ portion as a reference and moving the smaller portion, meaning 
that fewer landmarks are placed according to the moved portion. Cervix reconstruction 4 was 
chosen because it results in a cervix landmark configuration that clusters far more closely to 
other hominin specimens (Supplementary Figure 1).   




Supplementary Figure 1. PCA plots showing the variation in reconstructions of SK 96. Two crack 
reconstructions are labelled A and B, and four reconstructions of the cervix are numbered 1-4 (see 
Supplementary Note 1). Top: 3D PCA of the complete landmark set (EDJ and CEJ) with the reconstructions 
included. Bottom: PCA of CEJ shape only.  
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Supplementary Figure 2. Landmarking protocol and terminology guide. Left: Example of the 
landmarking protocol for the three landmark sets. Numbers in brackets indicate the number of 
landmarks placed in each set, with the EDJ ridge set split into two sections. 1 = Protoconid 
landmark, 2 = Metaconid landmark (or homologous point – see text). Right: H. naledi right 
mandibular fourth premolars in occlusal view (top) and mesial view (bottom), illustrating the 









Supplementary Figure 3. Enamel dentine junction morphology of Homo naledi premolars. All 
H. naledi premolars included in the complete analysis are shown in occlusal (top) and lingual 
(bottom) view; the outer enamel surface for each specimen is also shown in small. For specimens 
where the dentine horns have been reconstructed due to wear, the reconstructed sections are 
shown in blue. EDJ images were created in Avizo 6.3 (www.vsg3D.com) 
 





Supplementary Figure 4. Canine morphology in A) SK 96 and B) U.W. 101- 985 (Homo naledi). For each, 
the left image is in lingual view and the right in buccal view. Scale bar = 1cm. Isosuface images were 
created in Avizo 6.3 (www.vsg3D.com) 
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Supplementary Figure 5a. Premolar EDJ morphology in select South African hominins. U.W. 101-144 and 
U.W. 101-877 represent Homo naledi, while STW 80 is assigned to Homo sp. and SK 96 was previously 
attributed to P. robustus. For each specimen, EDJ is shown in occlusal (left), lingual (middle) and buccal 
(right) views. Scale bar = 1cm. EDJ images were created in Avizo 6.3 (www.vsg3D.com) 
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Supplementary Figure 5b. Premolar EDJ morphology in select South African hominins. SKX 21204 is 
assigned to Homo sp., while STW 151 and Cave of Hearths are considered indeterminate . For each 
specimen, EDJ is shown in occlusal (left), lingual (middle) and buccal (right) views. Scale bar = 1cm. 
Abbreviations: COH = Cave of Hearths. EDJ images were created in Avizo 6.3 (www.vsg3D.com) 
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Supplementary Figure 1 – Combined distal and lingual accessory cusp 
presence/absence frequency for M1, M2 and M3. The frequencies shown indicate, for 
each taxon, the proportion of specimens with each combination of distal and lingual 
accessory cusp presence/absence. Numbers underneath the bars indicate sample 
sizes for each group. Abbreviations: DAC = distal accessory cusp, LAC = Lingual 
accessory cusp 





Lingual accessory cusp (LAC)
Distal accessory cusp (DAC)
An example tooth (OH 7 M2) showing the molar cusps relevant for this index. Each 
specimen is imaged in occlusal, lingual and distal view at the OES and EDJ. The location 
of the metaconid, entoconid and hypoconulid is marked with coloured circles as shown. 
Scale bars = 10mm
The lingual and distal accessory cusp morphology of each specimen is described, and the 
EDJ score for each specimen is given (using the scoring system outlined in the main text). 
Finally, the level of tissue distinction present in the scan was assessed for each specimen 
as good, moderate or poor. These categories allow assessment of the likelihood of a 
small accessory cusp being missed in our EDJ scores. 
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Paranthropus robustus





DAC: Single interconulid type
LAC: None
At the OES there is a raised shoulder at the base of the distal metaconid ridge with an 
associated crest running into the central fovea. This shouldering can also be seen at the 
EDJ but does not reach the level of a cusp. A single interconulid type DAC is present at 
the EDJ, and is clear at the OES.  





DAC: Single interconulid type
LAC: None
There is a DAC present at the OES, and at the EDJ it is a small interconulid type. There is 
no LAC at the EDJ or OES





DAC: Single interconulid type
LAC: None
The OES is relatively worn and no DAC or LAC can be seen. At the EDJ there is a very 
small interconulid type DAC. There is a shouldering on the distal ridge of the metaconid, 
but it does not reach the level of a cusp. 





DAC: Single interconulid type
LAC: None
There is a large DAC present at the OES and EDJ that is an interconulid type. There is no 
LAC at the EDJ or OES, but there is some light shouldering on the distal metaconid ridge. 





DAC: Single hypoconulid type
LAC: None
There is a large DAC present at the OES that is also present at the EDJ, it is a hypoconulid 
type. At the OES there is some sign of a possible LAC at the base of a metaconid ridge, 
however at the EDJ there is no cusp present. 







At the OES there is a small DAC, but there is no sign of a cusp at the EDJ; the distal 
marginal ridge is flat. At the OES, there is a small LAC at the base of the metaconid ridge, 
but at the EDJ this corresponds to shouldering on the distal metaconid ridge, but no 
cusp. 





DAC: Single interconulid type
LAC: None
There is a medium sized DAC present at the OES and EDJ, it is an interconulid type. There 
is no LAC visible at the OES. At the EDJ there is a crack along the distal metaconid ridge, 
however there is no sign of a LAC, although there is likely some shouldering.







There is no sign of a DAC at the EDJ or OES. There is no clear LAC at the OES or EDJ, but 
there is a shouldering along the distal metaconid ridge. 





DAC: Double interconulid type
LAC: None
There is some sign of a cusp on the distal metaconid crest at the OES, however this is not 
visible at the EDJ. There is a crack along this region of the EDJ however, so it is possible 
that a small cusp was present here. There is a double DAC present at the OES and at the 
EDJ it is clear that it is an interconulid type. 





DAC: Single interconulid type
LAC: None
At the OES there is a single DAC that is also present at the EDJ as an interconulid type. 
There is some light shouldering on the distal metaconid ridge at the OES and EDJ, 
however it does not reach the level of a cusp. 





DAC: Single hypoconulid type
LAC: None
The OES is quite worn, making assessment of accessory cusps difficult. However, at the 
EDJ it is clear that there is no LAC but there is a single hypoconulid type DAC. 





DAC: Single interconulid type
LAC: None
There is no LAC at the OES or EDJ. There is a DAC present at the OES, and at the EDJ it is 
a large interconulid type DAC. 





DAC: Single interconulid type
LAC: None
The OES is relatively worn, but fissure patterns suggest the presence of a DAC. There is a 
small single interconulid type DAC at the EDJ. There is no LAC at the OES or EDJ, although 
there is some shouldering on the distal metaconid crest at the EDJ. 





DAC: Triple interconulid type
LAC: None
There are a number of cracks along the EDJ, including in the DAC and LAC regions, 
however in this case there is good agreement between the EDJ and OES such that we 
can be confident of the cusp arrangements. There is no sign of a LAC at the EDJ or OES. 
There is a triple DAC at the OES; the cusp closest to the entoconid is the largest and the 
cusp closest to the hypoconulid is the smallest. At the EDJ we see a triple interconulid
type arrangement. As at the OES, the cusp closest to the hypoconulid is the smallest. The 
middle cusp has been partly reconstructed due to a crack but appears to be of similar 
size to the cusp closest to the entoconid. 





DAC: Single interconulid type, single hypoconulid type
LAC: None
There is no LAC at the OES, and at the EDJ is only shouldering on the distal metaconid 
ridge. There is a double DAC at the OES. At the EDJ, both DACs are present, the larger is a 
hypoconulid type while the smaller is an interconulid type. The smaller interconulid type 
DAC has a crack running along it at the EDJ, but we are nonetheless confident of it’s 
presence. 





DAC: Double interconulid type
LAC: None
At the OES there are two small LACs at the base of the metaconid distal crest. At the EDJ 
the LACs are either not present, or are very small and difficult to distinguish from scan 
noise. There is a triple DAC at the OES, however only two are visible at the EDJ. Again, it 
is possible that the third is present but too small to be visible. The two that are visible 
are interconulid types. 





DAC: Single interconulid type, single hypoconulid type
LAC: None
There is no LAC at the OES, and although there is a crack in the LAC region, there is no 
sign of a LAC here either. At the OES there is a double DAC; both DACs are also present at 
the EDJ. One is an interconulid type and the other is a hypoconulid type, just distal to the 
hypoconulid cusp tip. 





DAC: Single interconulid type
LAC: Single interconulid type
There is an unusual arrangement of cusps in this specimen, particularly as the 
hypoconulid is very small and the entoconid is mesially placed. At the OES there is a 
large DAC, and at the EDJ it can be seen that this cusp is an interconulid type and is 
larger than the hypoconulid and approximately the same size as the entconid. There is a 
large LAC, approximately the same size as the entoconid, present at the OES and EDJ, it 
is an interconulid type. At the OES there is an additional smaller LAC present on the 
distal metaconid ridge, but this is not visible at the EDJ. 





DAC: Single interconulid type
LAC: None
At the OES it appears that the hypoconulid may be just distal to the hypoconid, however 
there is no sign of a cusp here at the EDJ, suggesting instead that the hypoconulid is 
more distally placed. In this case, there is one DAC, just lingual of the hypoconulid. At the 
EDJ the main and accessory cusps are small, but the DAC is just visible, and is an 
interconulid type. There is no LAC at the EDJ or OES. 





DAC: Single interconulid type
LAC: None
There is no LAC at the OES or EDJ. At the OES there are two clear DACs, and possibly a 
third very small DAC between the larger two. At the EDJ, one interconulid type DAC is 
visible, which corresponds to the largest of the DACs visible at the OES. The other one or 
two DACs are not clear at the EDJ; there are several small potential cusps, but there is a 
crack running along the distal marginal ridge at the EDJ that makes identification of very 
small cusps difficult. 





DAC: Single hypoconulid type, single interconulid type
LAC: Single entoconid type, single metaconid type
This specimen has a number of cusps, and identification of the main cusps is somewhat 
difficult, particularly as the accessory cusps and main distal cusps are of a similar size. 
We suggest that the arrangement shown above is most likely, and in this case there are 
two DACs and two LACs. These cusps are visible at the OES and EDJ, although at the EDJ 
they are small. 
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Paranthropus boisei





DAC: Single interconulid type
LAC: None
There is no LAC at the OES or EDJ. At the OES, there is a large DAC that is also present at 
the EDJ as an interconulid type. 





DAC: Single hypoconulid type
LAC: None
The OES is relatively worn, making assessment of accessory cusps difficult. There is no 
LAC present at the EDJ, however there is some shouldering on the distal metaconid 
ridge. There is a large hypoconulid type DAC at the EDJ that is almost as big as the 
hypoconulid. 





DAC: Single hypoconulid type
LAC: None
There is no LAC at the OES or EDJ. There is a clear DAC at the OES. At the EDJ the DAC is 
also present; it is situated on the base of the distal hypoconulid ridge, making it a 
hypoconulid type. 





DAC: Single interconulid type
LAC: None
There is no LAC present at the OES or EDJ, although there is some shouldering on the 
distal metaconid ridge. There is a large DAC present at the OES, and at the EDJ it is 
present as an interconulid type





DAC: Single interconulid type
LAC: None
There is no LAC at the OES or EDJ. There is a DAC present at the OES and EDJ that is 
larger than then hypoconulid. At the EDJ it is an interconulid type. 





DAC: Single interconulid type, single entoconid type
LAC: Single metaconid type
At the OES there is a small LAC present, at the EDJ it is very small but visible at the base 
of the distal ridge of the metaconid, making it a metaconid type. There are two DACs 
visible at the OES and EDJ. The larger of the two is an interconulid type, and the smaller 
is an entoconid type. 
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Australopithecus afarensis







There are no accessory cusps present at either the OES or EDJ.





DAC: Single interconulid type
LAC: None
At the OES, a slightly worn but clear DAC can be seen, and this is also evident at the EDJ 
as an interconulid type DAC. There is no LAC at the OES or EDJ, although there is heavy 
shouldering on the distal ridge of the metaconid. 







The level of dental wear in this specimen makes assessment of accessory cusps at the 
OES difficult. However there is no DAC visible at the OES or EDJ. There is no sign of a LAC 
at the OES, although the area is worn. At the EDJ there is a possible very small 
metaconid type LAC that is associated with a small ridge running into the occlusal basin, 
however such a ridge may also be present without an associated cusp, and in this case 
the cusp is too small to be reliably distinguished from scan noise.







There is no DAC at the OES or EDJ. There is no LAC at the OES and although there is 
shouldering on the distal metaconid ridge at the EDJ, there is no LAC present. 







There is no DAC at the OES or EDJ, however at the EDJ there is a slightly raised section of 
the distal marginal ridge. There is no LAC at the OES or EDJ, although at the EDJ there is 
some shouldering on the metaconid distal ridge with an associated accessory ridge 
running into the occlusal basin, however the shouldering does not reach the level of a 
cusp. 





DAC: Single interconulid type
LAC: None
There is some sign of a DAC at the OES, and at the EDJ there is a small interconulid type 
DAC. At the OES there is a fissure suggesting the presence of a LAC just distal to the 
metaconid. At the EDJ there is heavy shouldering on the distal metaconid ridge, however 
it does not reach the level of a cusp. 





DAC: Single interconulid type
LAC: None
There is a clear DAC at the OES and EDJ. It is an interconulid type. There is no sign of a 
LAC at the EDJ or OES, although there is some shouldering on the distal metaconid ridge





DAC: Single interconulid type
LAC: Single interconulid type
There is a medium interconulid sized DAC visible at the OES and EDJ. There is a clear but 
small interconulid type LAC visible at both the OES and EDJ.





DAC: Single interconulid type
LAC: None
No DAC is visible at the OES, possibly due to wear. At the EDJ a single interconulid type 
DAC is present. There is no LAC at the OES or EDJ, although at the EDJ there is some 
shouldering on the distal metaconid ridge.






LAC: Single metaconid type LAC
At the OES there is some sign of a DAC, however the equivalent feature at the EDJ is 
either not present or so small as to be indistinguishable from scan noise. At the OES, 
fissure patterns and a slight raising of the base of the distal metaconid ridge suggest the 
presence of a small LAC. At the EDJ there is a small metaconid type LAC.





DAC: Single hypoconulid type
LAC: None
Fissures at the OES suggest the presence of a DAC. At the EDJ, there is a small 
hypoconulid type DAC. At the OES, there is a slight raising of the distal end of the distal 
metaconid ridge, and there is some shouldering at the EDJ. However it does not reach 
the level of a cusp.







A small but clear DAC is present at the OES, but is not visible at the EDJ. At the OES, at 
the base of the distal metaconid ridge there is a potential LAC with an associated 
accessory ridge. However there is no cusp at the EDJ, although the metaconid ridge does 
show some shouldering. 







Although the enamel is worn, the preserved fissure patterns suggest the possible 
presence of a DAC. At the EDJ there is a possible small DAC, however it is too small to 
distinguish from the noise present in the scan. There is no LAC evident at the OES. At the 
EDJ, the distal metaconid ridge has shouldering, but there is no LAC.







The DAC region is cracked and somewhat worn, but there is no clear DAC at the OES. No 
cusp is visible at the EDJ, although it is possible that a small cusp is obscured by the 
crack. At the OES there is a small LAC present which appears to be an interconulid type, 
however this is not visible at the EDJ. There is a small possible entoconid type LAC at the 
EDJ, however it is too small to reliably distinguish from scan noise.





DAC: Single interconulid type
LAC: None
A DAC is visible at the OES, and at the EDJ it can be seen that it is an interconulid type 
DAC. There is no sign of a LAC at the OES or EDJ







The OES is quite worn, making assessment of a DAC difficult. There is no DAC present at 
the EDJ. At the OES the base of the metaconid distal ridge is raised, which could suggest 
the presence of a LAC, although this is not supported by the preserved fissure patterns. 
At the EDJ, the distal metaconid ridge shows some shouldering, but there is no LAC. 







There are no accessory cusps present at the OES or EDJ, although there is some 
shouldering on the distal metaconid ridge.





DAC: Single interconulid type
LAC: None
Part of the DAC region of the tooth is broken off, however it is clear at the EDJ and OES 
that a large DAC was present. The DAC is well-separated from both the entoconid and 
hypoconulid, suggesting it was an interconulid type. The missing region of the tooth 
means it is also possible that further DAC features were also present. Part of the enamel 
of this tooth in the entoconid region was outside of the scan region and so is missing 
from our CT-based surface models. On the original specimen, there are breakages in the 
enamel in this region. This makes assessment of the LAC at the OES difficult, although 
we can be confident that a metaconid type-LAC was not present. At the EDJ there is no 
LAC present, but there is shouldering on the distal metaconid ridge. 





DAC: Single interconulid type
LAC: None
There is a large DAC at the OES that is partly incised by a fissure and appears to be a 
double DAC. However at the EDJ there is only a single interconulid type DAC. At the OES 
there is a LAC at the base of the metaconid distal ridge. At the EDJ this cusp is not visible, 
instead there is some shouldering on the metaconid distal ridge. However, there is a 
double metaconid dentine horn present; this could be considered a metaconid type LAC 
extremely close to the metaconid, however the close proximity and approximately equal 
height of the two cusps suggests a double metaconid. 





DAC: Double interconulid type
LAC: Single interconulid type
There is a double DAC visible at the OES, with a possible third small DAC also visible. At 
the EDJ there is a clear DAC corresponding to the cusp closest to the entoconid, then a 
small second cusp buccal to the first. The possible third DAC seen at the OES 
corresponds to only a very small raised region of the distal marginal ridge at the EDJ. 
Both EDJ cusps are interconulid types. There are two LACs visible at the OES. The smaller 
and more mesial of the two is at the base of the distal metaconid crest. At the EDJ the 
larger of the two cusps is clearly visible, but the smaller more mesial LAC is very small at 
the EDJ and is therefore difficult to distinguish from scan noise. 





DAC: Single interconulid type
LAC: Single interconulid type
There is a single large DAC at the OES that is also seen at the EDJ as an interconulid type. 
At the OES there is a single large LAC. At the EDJ there is a large interconulid type LAC, as 
well as a cusp just distal to the metaconid. This could be considered a metaconid type 
LAC close to the metaconid, however we consider it a doubled metaconid here for the 
same reasons given for the M3 of A.L. 266-1.
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There are cracks through the DAC and LAC regions, but only very small accessory cusps 
would be obscured. There is no sign of any accessory cusps at the OES or EDJ. 







There is no DAC or LAC at the OES or EDJ, although the metaconid distal marginal ridge 
shows heavy shouldering.







The enamel is relatively worn but there is no sign of a DAC or LAC at the enamel. The EDJ 
also shows no DAC or LAC. 







There is no DAC or LAC at the OES or EDJ





DAC: Single interconulid type
LAC: None
An interconulid type DAC is visible at the EDJ, and is large and well-separated from the 
entoconid and hypoconulid at the OES. A LAC is visible at the OES, however at the EDJ 
there is only shouldering on the distal metaconid ridge.







Some parts of the crown are missing, however the DAC and LAC regions are preserved. 
There is no sign of either cusp at the OES or EDJ





DAC: Double interconulid type, single hypoconulid type
LAC: Single metaconid type
There are a number of cracks in the enamel of this specimen, which can obscure our 
segmentation of the EDJ in some cases. There are three DACs that are visible at both the 
EDJ and OES; one is associated with the hypoconid and the other two appear to be 
interconulid types. At the OES, there is a double LAC. At the EDJ, one LAC is visible, and 
there is a possible second smaller LAC immediately distal to this, however it is obscured 
by a crack. If this more distally placed second cusp was present, it would have been 
smaller than the more mesial LAC, which is the opposite of what we see at the OES 
where the more distally placed LAC is larger. Alternatively, there is only one LAC at the 
EDJ, meaning one of the OES cusps is not represented at the EDJ. 







There is no DAC or LAC at the OES or EDJ







There is no DAC or LAC at the OES or EDJ






LAC: Single metaconid type
The LAC is visible at the OES and EDJ, although at the EDJ it is a more low and rounded 
than at the OES. There is a small but clear DAC at the OES, however at the EDJ there is 
no cusp visible. It is possible that, since the DAC at the OES is so small, the equivalent 
cusp at the EDJ would be too small to be visible at this resolution.





DAC: Single interconulid type
LAC: None
There is a large DAC at the OES, and at the EDJ there is a low broad interconulid type 
DAC. There is a small LAC at the OES at the base of the metaconid ridge, as well as an 
even small potential second LAC, but no cusps are visible at the EDJ, although there are a 
number of cracks present in the LAC region. It is also possible that the EDJ cusps would 
be too small to be visible at this resolution.





DAC: Single interconulid type
LAC: None
The enamel is worn, but fissures at the OES show that a DAC is present. At the EDJ, a low 
broad interconulid type DAC is visible. The metaconid and entoconid are worn and the 
enamel is broken in this region, however there is no sign of a LAC at the OES, and the 
same is true of the EDJ. 







There is no DAC or LAC present at the OES or EDJ. 





DAC: Single interconulid type
LAC: Single metaconid type
At the OES there is a clear but small DAC. At the EDJ this corresponds to a very low broad 
interconulid type DAC. At the OES and EDJ there is a single large metaconid type LAC. 





DAC: Single interconulid type
LAC: Single metaconid type, single entoconid type
There is a single large DAC present at the EDJ and OES. There is a breakage in the 
metaconid region with some enamel and dentine missing and a crack that runs into the 
occlusal basin. Distal to the crack, there is a metaconid type LAC at the OES and EDJ. 
There is also a smaller entoconid type LAC – this is clearer at the EDJ than the OES.





DAC: Single interconulid type, single hypoconulid type
LAC: None
At the OES, there is one clear large DAC as well as a smaller, less distinct cusp on the 
distal ridge of the hypoconulid. These cusps are replicated at the EDJ where there is a 
large interconulid type DAC and a second smaller hypoconulid type. There is a LAC on 
the distal ridge of the metaconid that is clear at the OES, however at the EDJ there is a 
crack running along the metaconid distal ridge. Nonetheless, while this region shows 
some shouldering, there is no sign of a cusp at the EDJ. 





DAC: Double interconulid type
LAC: None
The DAC region is slightly worn, but it is clear that there is a double DAC present, and at 
the EDJ both DACs as a double interconulid type. There is no LAC visible at the OES or 
EDJ. 





DAC: Double hypoconulid type
LAC: None
There is no LAC visible at the OES or EDJ. There is a double DAC visible at the OES, and at 
the EDJ it can be seen that both cusps are present on the distal ridge of the hypoconulid. 





DAC: Single interconulid type
LAC: Single metaconid type
At the OES, a large LAC is visible. At the EDJ there is a broad metaconid type LAC. There 
are two DACs present at the OES, however these are less clear at the EDJ. The larger 
DAC, closer to the entoconid, is seen at the EDJ as a low, broad interconulid type cusp. 
The smaller DAC cannot be distinguished at the EDJ. 





DAC: Single interconulid type + single hypoconulid type
LAC: None
At the OES there are two DACs, one associated with the hypoconulid. This can be seen at 
the EDJ also where there is one interconulid type and one hypoconulid type DAC. There 
is no LAC at the OES; although there is a crack running along the distal ridge of the 
metaonid at the EDJ, there is nonetheless no sign of a LAC here. 





DAC: Double interconulid type
LAC: Single interconulid type, single metaconid type
There is a double DAC, both interconulid types, visible at the OES and EDJ. At the EDJ, 
the cusp closer to the hypoconulid is very small. There are also two LACs, one larger 
interconulid type, and a second smaller metaconid type. 





DAC: Single interconulid type
LAC: None
There is a single large DAC at the OES, it is also visible at the EDJ as a large interconulid
type. There is no LAC at the OES or EDJ.
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The tooth is moderately worn at the OES. There is no sign of a DAC at the OES or EDJ. 
Despite the wear, there is the remnant of a fissure distal to the metaconid that could 
suggest the presence of a LAC. At the EDJ there seems to be a small LAC that is 
associated with an accessory ridge on the distal metaconid ridge. The cusp is a 
metaconid type.







The morphology of this specimen is similar to the antimere. There is no DAC at the OES 
or EDJ. There is a fissure suggesting the presence of a LAC at the OES, and at the EDJ 
there is a small metaconid type LAC. 






LAC: Single interconulid type
At the OES there is some sign of a possible small DAC, however there is no cusp at the 
EDJ. At the OES there is a LAC, although it is smaller than in the antimere. At the EDJ, the 
LAC is a low and broad interconulid type. There is also some shouldering on the distal 
metaconid ridge. 






LAC: Single interconulid type
There is no DAC at the OES or EDJ. There is a LAC present at the OES that is present at 
the EDJ as a low broad interconulid type cusp. 





This specimen has a number of similar sized lingual cusps, making identification of the 
entoconid difficult. 
At the EDJ and OES, there appears to be a large single LAC and a large single DAC. 
However, this assessment relies on our assignment of the entoconid as shown above. 
Other assignments of the entoconids would instead suggest the presences of either a 
double DAC or double LAC. 
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LAC: Single metaconid type
There is a breakage in the enamel on the the disto-lingual margin of the tooth, however 
no DAC is visible in the remaining enamel, and further the EDJ is not affected, and shows 
no DAC. There is a single LAC at the OES and at the EDJ it is a metaconid type; although it 
is closer to the entoconid, it is placed at the base of the metaconid distal ridge. 





DAC: Single interconulid type
LAC: None
The OES is quite worn, making precise assessment of accessory cusps difficult. There is 
no LAC at the EDJ or OES, although the metaconid is quite worn even at the dentine 
level. We would expect a metaconid type LAC to be visible in the portion of EDJ that is 
preserved, however it is possible that one was present closer to the metaconid cusp tip. 
Wear makes assessment of the DAC difficult at the OES, but there is an interconulid type 
DAC present at the EDJ.   






The specimen is extremely worn and the DAC region is not preserved. The LAC region is 
worn at the OES, but at the EDJ more of the LAC region is preserved and there is no 
cusp. 






LAC: Single metaconid type
At the OES, there is a very small DAC on the distal marginal ridge, however this is not 
visible at the EDJ. There is a large LAC visible at the OES and EDJ; it is a metaconid type. 







This specimen is worn and broken, however much of the DAC and LAC regions are 
preserved at the EDJ. There are no signs of a DAC or LAC at the OES or EDJ, although 
there is some shouldering on the distal metaconid ridge. 






LAC: Single metaconid type
There is no DAC visible at the OES or EDJ. There is a clear LAC at the OES that is also 
present at the EDJ as a metaconid type






LAC: Single metaconid type
As in the antimere, there is no DAC at the OES or EDJ. There is a LAC evident at the OES, 
which is a metaconid type at the EDJ. There is also a second, smaller potential 
metaconid type LAC closer to the metaconid cusp tip, however since the scan distinction 
is moderate, it cannot be reliably distinguished from scan noise. However, there are 
some faint fissures at the OES that may be the result of this second smaller cusp. 






LAC: Single metaconid type
There is no DAC at the OES or EDJ. At the OES there is one large LAC that is slightly better 
separated from the entoconid than the metaconid. At the EDJ it is at the base of the 
distal metaconid ridge, making it a metaconid type. Mesial to this there is a slightly 
raised section of the distal metaconid ridge that is also visible at the OES, but it does not 
reach the level of a cusp. 





DAC: Single hypoconulid type
LAC: None
There is no LAC at the OES or EDJ. At the OES, fissure patterns suggest the possible 
presence of a DAC. At the EDJ there is a hypoconulid type DAC. 





DAC: Single hypoconulid type
LAC: None
The tooth is quite worn, so accessory cusps are difficult to assess at the OES. There is no 
LAC at the EDJ. There is a crest running from the entoconid to the distal marginal ridge, 
and where this ridge connects there is a hypoconulid type DAC






LAC: Single metaconid type
There is no DAC at the EDJ or OES. The OES suggests the presence of a DAC. This is also 
evident at the EDJ where a single metaconid type LAC is present. 





DAC: Single hypoconulid type
LAC: None
The OES is relatively worn, however there is some sign of a DAC. At the EDJ there is a 
hypoconulid type DAC. There is no sign of a LAC at the OES or EDJ. 





DAC: Single interconulid type
LAC: None
There is a DAC visible at the OES; at the EDJ it is an interconulid type. There is also a LAC 
visble at the OES, however it is not visible at the EDJ. It is possible that a small LAC was 
present however, but cannot be distinguished here from scan noise. 





DAC: Single hypoconulid type
LAC: None
There is a possible LAC at the OES, however there is no cusp at the EDJ, similar to the 
antimere, although the OES morphology is less pronounced in this tooth. There is a DAC 
at the OES that is also present at the EDJ as a hypoconulid type. Additionally, at the EDJ it 
is clear that the hypoconulid morphology is unusual; there is a double, or possibly triple, 
cusp at the EDJ. Two clear cusp tips are visible and a third, smaller possible cusp is visible 
between the two. This is somewhat visible at the OES where the hypoconulid has a 
furrow on its buccal surface.







There is a large crack just distal to the metaconid at the OES and EDJ, however there is 
nothing to suggest that this crack obscures the visibility of a LAC at either surface. There 
is a DAC visible at the OES and at the EDJ it is a hypoconulid type. 





DAC: Single interconulid type
LAC: None
There is no LAC at the EDJ or OES. There is a large DAC at the OES that at the EDJ is a 
large interconulid type. 





LAC: Single interconulid type
The tooth is missing distal and buccal portions, so only the LAC can be assessed. At the 
OES, most of the entoconid is missing, but there is a single LAC present just mesial of the 
broken region. At the EDJ the entoconid is preserved, along with an interconulid type 
LAC





DAC: Double interconulid type
LAC: Single metaconid type
At the OES there is a small potential LAC at the base of the metaconid, and this 
corresponds to a small metaconid type LAC at the EDJ. There are two LACs at the OES, 
which is mirrored at the EDJ where there is a double interconulid type DAC. 





DAC: Single interconulid type
LAC: Single interconulid type
The enamel surface is highly crenulated, complicating the assessment of accessory 
cusps. There is a one clear DAC at the OES, as well as a possible second just distal to the 
hypoconulid. At the EDJ, one interconulid type DAC is present. The possible second DAC 
visible at the OES is either absent at the EDJ, or may be very small and obscured by a 
crack at the EDJ. There are two LACs at the OES, however only one of them (the more 
distal of the two) is visible at the EDJ as a small interconulid type. The second may be too 
small to distinguish at the EDJ. 
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LAC: Single interconulid type
There is no DAC visible at the OES or EDJ. There is a LAC visible at the OES, and although 
the scan distinction is poor, there does appear to be an interconulid type LAC at the EDJ.






LAC: Double metaconid type
The OES shows a fissure suggesting the presence of a LAC. At the EDJ there is a double 
metaconid type LAC. There is no sign of a DAC at the OES or EDJ. 






LAC: Double metaconid type
The morphology is very similar to the antimere. There is no sign of a DAC at the OES or 
EDJ. The OES has fissures suggesting the presence of a LAC and at the EDJ there is a 
double metaconid type LAC







The enamel in this tooth is poorly preserved, but the scan distinction is good. There is no 
sign of a DAC at the EDJ or OES. There is no clear LAC at the OES, and although there is 
heavy shouldering on the distal metaconid ridge, it does not reach the level of a cusp. 






LAC: Single metaconid type
There is no sign of a DAC at the OES or EDJ. The fissure patterns at the OES suggest the 
potential presence of a LAC, and at the EDJ there is a single metaconid type LAC.






LAC: Single metaconid type
There is no sign of a DAC at the OES or EDJ. There is a LAC evident at the OES, and at the 
EDJ there is a broad metaconid type LAC






LAC: Single metaconid type
There is no DAC at the OES or EDJ. At the OES, fissure patterns suggest the presence of a 
LAC and there is a small LAC present at the EDJ that is a metaconid type. 





DAC: Double interconulid type
LAC: Single interconulid type
At the OES there is a large DAC that is partly incised by a small fissure. At the EDJ there is 
a clear double DAC (interconulid type). A LAC is clearly visible at the OES, and is also 
present at the EDJ (interconulid type). There is also some shouldering on the distal 
metaconid ridge. 




This scan distinction for this specimen is very minimal; not sufficient for segmentation.
LAC: OES shows possible small cusp
DAC: No sign of DAC at OES






LAC: Single metaconid type
There is no DAC visible at the OES or EDJ. There is a LAC visible at the OES and at the EDJ 
there is a potential corresponding metaconid type LAC, although it is very small.




Scan distinction: Moderate (and low resolution)
LAC: None
There is no sign of a LAC at the EDJ or OES
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Scan distinction: Moderate
DAC: None
LAC: Single metaconid type
There is no DAC at the OES or EDJ. There is a LAC present at the OES that appears to be 
close to the metaconid. At the EDJ there is a small metaconid type LAC halfway along the 
distal metaconid ridge. 





DAC: Single interconulid type
LAC: Single interconulid type
At the OES, a DAC is visible that is also present at the EDJ as a single interconulid type. A 
large LAC is visible at the OES, and fissures suggest the possible presence of a second 
LAC mesial to this. At the EDJ, a clear interconulid type LAC can be seen, and there is 
some shouldering on the distal metaconid ridge. The EDJ also reveals a large secondary 
crest associated with the metaconid that contributes to the fissure pattern seen at the 
OES. 





DAC: Single interconulid type, single entoconid type
LAC: Single interconulid type
Enamel preservation is poor on the mesial side of the tooth, but scan distinction is good. 
There is a crack in the DAC region, however a large DAC is visible at the OES. At the EDJ, 
there is a large interconulid type DAC. Mesial to this, there is a small entoconid type 
DAC. There is a small LAC at the OES. At the EDJ there is a crack along the distal 
metaconid ridge, but a small interconulid type DAC is visible just distal to this.




This tooth has better enamel preservation than it’s antimere, but has no scan distinction 
so the EDJ cannot be imaged. There is no clear LAC in this specimen, but there is some 
shouldering on the entoconid mesial ridge. There are two DACs, which matches the form 
seen at the EDJ of the antimere. 






LAC: Single interconulid type
A small but well-defined LAC is visible at the OES, and is similarly small but visible at the 
EDJ as an interconulid type. The distal metaconid ridge shows some shouldering at both 
the EDJ and OES. No DAC is visible at the EDJ or OES




Scan distinction: Moderate (and low resolution)
DAC: Single hypoconulid type
LAC: None
There is no well-defined LAC as is present in this tooth’s antimere, but there are some 
small cusp-like features at the OES along the distal metaconid ridge. At the EDJ, some 
shouldering on the metaconid ridge is visible, but no cusps can be seen. However small 
cusps may be missed due to the low resolution of the scan. There is a DAC visible at the 
OES just lingual of the hypoconulid and the EDJ reveals a small hypoconulid type DAC.





DAC: Single interconulid type, single hypoconulid type
LAC: Single interconulid type
There is a LAC present at the OES, and this is also present at the EDJ, where it is clear 
that it is an interconulid type. There is also some shouldering on the distal metaconid 
ridge. Both the EDJ and OES show a double DAC – one is a hypoconulid type and the 
other an interconulid type.







There is a large LAC at the OES that at the EDJ is an interconulid type. There is no DAC at 
the OES or EDJ. 










The LAC region is not fully preserved as the metaconid is missing. However there is no 
LAC evident in the regions preserved either at the OES or EDJ. The DAC region is 
preserved, and there is no DAC at the OES or EDJ. 






LAC: Single interconulid type, single metaconid type
At the OES the fissure patterns suggest the possible presence of a DAC, however at the 
EDJ there is no DAC. There are two LACs at the OES, and this is mirrored at the EDJ. The 
larger LAC is an interconulid type, and the second is a smaller metaconid type. 






LAC: Single metaconid type
There is no DAC at the OES or EDJ. Fissure patterns at the OES suggest the presence of a 
LAC just distal to the metaconid, and despite poor scan distinction this can also be seen 
at the EDJ as a metaconid type LAC. 






LAC: Single metaconid type
As in the antimere, there is no DAC at the OES or EDJ, but there is a metaconid type LAC 
that can be seen at the OES and EDJ.







There is no sign of a DAC at the EDJ or OES. There is no clear sign of a LAC at the OES, 
although there is a fissure just distal of the metaconid that could suggest the presence of 
a cusp. Although the distinction is poor, there is no sign of a LAC at the EDJ.







There is no sign of a DAC or LAC at the EDJ or OES.





DAC: Single interconulid type
LAC: None
The OES is relatively worn, but there is a clear DAC that is also present at the EDJ as an 
interconulid type. At the OES there is a LAC just distal of the metaconid, however at the 
EDJ it does not form a clear cusp, although there is shouldering on the distal metaconid 
ridge. 







The OES is quite worn, which makes assessment of accessory cusps difficult. 
Nonetheless, fissure patterns suggest the potential presence of a LAC just distal of the 
metaconid, and there is also a slight rounding on the lingual face of the tooth that may 
correspond to this cusp. Scan distinction is poor, but at the EDJ there appears to be 
shouldering on the distal metaconid ridge, but no cusp. There is no clear sign of a DAC at 
the EDJ or OES.





DAC: Single interconulid type
LAC: None
As in the antimere, dental wear makes assessment of accessory cusps difficult. Fissures 
suggest the potential presence of a LAC at the OES, and there is clear shouldering on the 
distal metaconid ridge at the EDJ. It is possible that a cusp was present here, however it 
is difficult to tell due to poor scan distinction. There is no sign of a DAC at the OES, likely 
due to wear. At the EDJ there is an interconulid type DAC present. 





DAC: Single interconulid type
LAC: None
At the OES there is a medium sized DAC, but no LAC. This is also true of the EDJ, where 
there is no sign of a LAC but there is an interconulid type DAC.







There is no sign of a DAC or LAC at the EDJ or OES. 







There is no DAC at the OES or EDJ. There is no sign of a LAC at the OES and although 
there is some shouldering on the distal ridge of the metaconid at the EDJ, there is no 
cusp. 






LAC: Single metaconid type
There is no sign of a DAC at the OES or EDJ. There is no LAC at the OES, however at the 
EDJ there is a very small metaconid type LAC. 





DAC: Single entoconid type, single hypoconulid type
LAC: None
This tooth has some breakages in the enamel surface, however it is clear that there are a 
number of accessory cusps present. In the DAC region, there are two clear DACs at the 
OES, and a potential third just distal to the hypoconulid. At the EDJ, there is a clear 
entoconid type DAC. Distal to this, there is a section of the distal marginal ridge that 
shows heavy shouldering, but does not have a clear cusp tip. Then there is a cusp just 
distal to the hypoconulid that is here scored as a hypoconulid type DAC, however in the 
antimere of this tooth it is closer to the hypoconulid itself and may instead be a double 
hypoconulid. There are some fissures distal to the metaconid at the OES that may 
suggest the presence of a LAC, however at the EDJ there is no cusp, although there is 
some shouldering on the distal metaconid ridge. 





DAC: Single interconulid type
LAC: Single metaconid type
As in the antimere, there are some breakages in the enamel. There is enamel missing 
from a potential DAC, and at the EDJ there is a corresponding interconulid type DAC 
present. Also, there is a cusp directly distal of the hypoconulid such that it appears as a 
double cusp. This is similar to the appearance of the hypoconulid type DAC in the 
antimere, however in this tooth the two cusp tips are closer together and approximately 
equal in height. We therefore consider this as a double hypoconulid, not a hypoconulid 
type DAC. There is a small LAC just distal to the metaconid at the OES that corresponds 
to a metaconid type LAC at the EDJ.







There are no clear accessory cusps at the OES or EDJ







There is no LAC visible at the OES or EDJ. At the OES there is a possible DAC, however 
this is not visible at the EDJ, possibly due to poor scan distinction. 





DAC: Single interconulid type
LAC: None
There is a single large DAC at the OES that is present as an interconulid type at the EDJ. 
There is no sign of a LAC at the OES or EDJ. 










LAC: Single metaconid type
There is no DAC at the OES or EDJ. While no LAC can be seen at the OES, there is a small 
LAC visible at the EDJ on the metaconid distal ridge. 





DAC: Double interconulid type
LAC: Single metaconid type
The DAC region is worn at the OES, however two DACs can be seen. These are also 
present at the EDJ, where they are both interconulid types. There is a single LAC, present 
at the EDJ and OES, that is a metaconid type.  





DAC: Double hypoconulid type
LAC: None
There is no sign of a LAC at the OES. At the EDJ there is shouldering on the distal 
marginal ridge, but no cusp. There is a double DAC at the OES, and at the EDJ there are 
two low, broad cusps on the distal ridge of the hypoconulid. These hypoconulid type 
DACs are very small, and there is a small crack in the dentine of the cusp closer to the 
hypoconulid, however they are visible in the scan and are both associated with a small 
accessory ridge running into the occlusal basin. 







There is no DAC or LAC at the OES or EDJ.





DAC: Single interconulid type
LAC: None
There is a no LAC at the OES or EDJ. The fissure patterns at the OES suggest the presence 
of a LAC at the OES, and at the EDJ it is a medium sized interconulid type. 







The OES is worn, particularly in the DAC region, making accessory cusp assessment 
difficult. There is no sign of a LAC at the OES or EDJ. There is a raised section of the distal 
marginal ridge at the EDJ that may correspond to an interconulid or hypoconulid type 
DAC.





DAC: Single interconulid type
LAC: Single interconulid type
At the OES there is a clear DAC and LAC. This is replicated at the EDJ, and both are 
interconulid types.





DAC: Double hypoconulid type
LAC: Single interconulid type
At the OES there are two distinct DACs that, at the EDJ, appear as hypoconulid types. 
There is a single LAC that is an interconulid type. 






LAC: Single interconulid type, single metaconid type
This tooth is quite worn, making accessory cusp assessment from the OES difficult. 
Equally, some of the distal marginal ridge is worn at the dentine level. In the remaining 
distal marginal ridge at the EDJ, there is no DAC. The LAC region is better preserved and 
we find two LACs, one metaconid type and one interconulid type. 





DAC: Single interconulid type
LAC: None
There is no LAC present at the OES or EDJ. There is a single DAC present at both OES and 
EDJ; it is an interconulid type. 





DAC: Single hypoconulid type
LAC: None
At the OES there is one clear DAC and a smaller second possible DAC. Only the larger of 
the two is visible at the EDJ as a hypoconulid type. This cusp is associated with a ridge 
that runs into the occlusal basin and connects to the entoconid. There is no LAC at the 
OES or EDJ, however there is an accessory ridge that runs from the metaconid cusp tip to 
the distal ridge of the metaconid. Unlike the DAC, however, there is no clear cusp at the 
meeting point of the two ridges.





DAC: Single interconulid type
LAC: Single interconulid type
The enamel is quite worn, however there is a LAC visible at the OES. At the EDJ, it is an 
interconulid type. The DAC is difficult to assess from the OES, but at the EDJ there is a 
small interconulid type DAC.
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The OES is relatively worn, making assessment of accessory cusps difficult, although 
there is some sign of a LAC. At the EDJ, there is a LAC at the base of the metaconid ridge, 
and no DAC. 







There is no sign of a DAC or LAC at the EDJ or OES.







There is no sign of a DAC or LAC at the EDJ or OES.





DAC: Double hypoconulid type
LAC: Single interconulid type
The OES is quite worn, making assessment of accessory cusps difficult, however there is 
some suggestion of a DAC. At the EDJ, there is a hypoconulid type DAC near the base of 
the hypoconulid distal crest. There is a second possible cusp closer to the hypoconulid 
cusp tip, however it is very small and does not reach the level of a cusp. There is a LAC at 
the EDJ which is interconulid type, although it is slightly raised on the entoconid side.






LAC: Single metaconid type
The tooth is relatively worn, particularly in the DAC region, and little of the DAC region is 
preserved at the OES or EDJ, however there is no DAC present in the preserved portion. 
The LAC region is less worn. No LAC is visible at the OES, but a low, broad metaconid 
type LAC can be seen at the EDJ. 






LAC: Single metaconid type
This tooth is less worn than its antimere in the DAC region, and again there is no DAC 
present at the OES or EDJ. Although the OES is quite worn, there is some indication of a 
LAC at on the lingual face of the tooth, and at the EDJ it can be seen that there is a 
metaconid type LAC present. 





DAC: Single hypoconulid type
LAC: Single interconulid type
There is a LAC present at the OES that is close to the entoconid, however at the EDJ it is 
clear that although it is closer to the entoconid, it is an interconulid type. There are two 
DACs at the OES, however only one is clearly visible at the EDJ. Both would be 
hypoconulid types, however the one closer to the hypoconulid is too small to be 
distinguished from scan noise and so is not scored. 











Supplementary Table 1 – Detailed study sample 
Accession Tooth Side Site Taxonomy Source CS 
A.L. 128-23  LP3 R Hadar, Ethiopia A. afarensis NME 3.53 
A.L. 266-1  LP3 R Hadar, Ethiopia A. afarensis NME 3.67 
A.L. 333-10  LP3 L Hadar, Ethiopia A. afarensis NME 3.76 
A.L. 333w-60  LP3 L Hadar, Ethiopia A. afarensis NME 3.76 
A.L. 333w-1  LP3 R Hadar, Ethiopia A. afarensis NME 3.75 
A.L. 417-1a  LP3 L Hadar, Ethiopia A. afarensis NME 3.64 
A.L. 655-1  LP3 L Hadar, Ethiopia A. afarensis NME 3.70 
STS5 1  LP3 R Sterkfontein, South Africa A. africanus DNMNH 3.70 
STS 52b  LP3 R Sterkfontein, South Africa A. africanus DNMNH 3.74 
STW 7  LP3 L Sterkfontein, South Africa A. africanus Wits 3.73 
STW 213  LP3 R Sterkfontein, South Africa A. africanus Wits 3.61 
STW 404  LP3 R Sterkfontein, South Africa A. africanus Wits 3.68 
KNM-ER 1802  LP3 R Koobi Fora, Kenya H. habilis NMK 3.82 
OH 7  LP3 R Olduvai Gorge, Tanzania H. habilis NMT 3.67 
OH 13  LP3 R Olduvai Gorge, Tanzania H. habilis NMT 3.62 
OH 16  LP3 R Olduvai Gorge, Tanzania H. habilis NMT 3.79 
KNM-ER 992  LP3 R Koobi Fora, Kenya H. erectus NMK 3.76 
KNM-ER 1507  LP3 L Koobi Fora, Kenya H. erectus NMK 3.74 
OH 22  LP3 R Olduvai Gorge, Tanzania H. erectus NMT 3.71 
Cave of hearths  LP3 R Cave of Hearths, South Africa Indet Wits 3.56 
Combe Grenal LP3 R Combe Grenal, France H. neanderthalensis MNP 3.71 
KRP 51  LP3 R Krapina, Croatia H. neanderthalensis CNHM 3.61 
KRP 54  LP3 L Krapina, Croatia H. neanderthalensis CNHM 3.58 
KRP 55  LP3 L Krapina, Croatia H. neanderthalensis CNHM 3.65 
KRP 52  LP3 L Krapina, Croatia H. neanderthalensis CNHM 3.61 
KRP D33  LP3 L Krapina, Croatia H. neanderthalensis CNHM 3.69 
KRP D34  LP3 R Krapina, Croatia H. neanderthalensis CNHM 3.68 
KRP D111  LP3 L Krapina, Croatia H. neanderthalensis CNHM 3.77 
KRP D114  LP3 L Krapina, Croatia H. neanderthalensis CNHM 3.68 
SCLA 4A 6  LP3 R Scladina, Belgium H. neanderthalensis ASBL 3.60 












ULAC 1  LP3 R ULAC H. sapiens ULAC 3.48 
ULAC 13  LP3 L ULAC H. sapiens ULAC 3.49 
ULAC 58  LP3 L ULAC H. sapiens ULAC 3.50 
ULAC 74  LP3 L ULAC H. sapiens ULAC 3.62 
ULAC 536  LP3 R ULAC H. sapiens ULAC 3.37 
ULAC 790  LP3 L ULAC H. sapiens ULAC 3.44 
ULAC 797  LP3 R ULAC H. sapiens ULAC 3.51 
ULAC 801  LP3 L ULAC H. sapiens ULAC 3.58 
ULAC 806  LP3 L ULAC H. sapiens ULAC 3.51 
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A.L. 128-23 LP4 R Hadar, Ethiopia A. afarensis NME 3.61 
A.L. 266-1 LP4 R Hadar, Ethiopia A. afarensis NME 3.73 
A.L. 330-7 LP4 L Hadar, Ethiopia A. afarensis NME 3.86 
A.L. 330-5 LP4 R Hadar, Ethiopia A. afarensis NME 3.67 
A.L. 333w-1 LP4 L Hadar, Ethiopia A. afarensis NME 3.78 
A.L. 417-1a LP4 L Hadar, Ethiopia A. afarensis NME 3.68 
A.L. 443-1 LP4 L Hadar, Ethiopia A. afarensis NME 3.82 
LH 3 LP4 L Laetoli, Tanzania A. afarensis NMT 3.85 
Sts 52B LP4 R Sterkfontein, South Africa A. africanus DNMNH 3.79 
StW 131 LP4 L Sterkfontein, South Africa A. africanus Wits 3.86 
StW 213 LP4 R Sterkfontein, South Africa A. africanus Wits 3.76 
StW 327 LP4 R Sterkfontein, South Africa A. africanus Wits 3.87 
StW 404 LP4 R Sterkfontein, South Africa A. africanus Wits 3.76 
StW 537 LP4 L Sterkfontein, South Africa A. africanus Wits 3.90 
StW 14 LP4 L Sterkfontein, South Africa A. africanus Wits 3.79 
TM 1523 LP4 L Sterkfontein, South Africa A. africanus DNMNH 3.67 
KNM-ER 1802 LP4 R Koobi Fora, Kenya H. habilis NMK 3.89 
OH 7 LP4 R Olduvai Gorge, Tanzania H. habilis NMT 3.75 
OH 13 LP4 R Olduvai Gorge, Tanzania H. habilis NMT 3.66 
OH 16 LP4 L Olduvai Gorge, Tanzania H. habilis NMT 3.78 
KNM-ER 992 LP4 R Koobi Fora, Kenya H. erectus NMK 3.77 
KNM-ER 1507 LP4 L Koobi Fora, Kenya H. erectus NMK 3.73 
OH 22 LP4 R Olduvai Gorge, Tanzania H. erectus NMT 3.69 
Mauer LP4 R Mauer, Germany H. heidelbergensis GPIH 3.64 
Combe Grenal 29 LP4 L Combe Grenal, France H. neanderthalensis MNP 3.64 
Combe Grenal IV LP4 L Combe Grenal, France H. neanderthalensis MNP 3.71 
Combe Grenal VIII LP4 L Combe Grenal, France H. neanderthalensis MNP 3.61 
Le Regourdou LP4 L Le Regourdou, France H. neanderthalensis MAA 3.53 
KRP D50 LP4 L Krapina, Croatia H. neanderthalensis CNHM 3.70 
KRP D35 LP4 R Krapina, Croatia H. neanderthalensis CNHM 3.73 
KRP 58 LP4 R Krapina, Croatia H. neanderthalensis CNHM 3.69 
KRP 52 LP4 L Krapina, Croatia H. neanderthalensis CNHM 3.63 




ULAC 1 LP4 R ULAC H. sapiens ULAC 3.47 
ULAC 13 LP4 L ULAC H. sapiens ULAC 3.50 
ULAC 58 LP4 L ULAC H. sapiens ULAC 3.53 
ULAC 171 LP4 L ULAC H. sapiens ULAC 3.51 
ULAC 536 LP4 R ULAC H. sapiens ULAC 3.42 
ULAC 607 LP4 R ULAC H. sapiens ULAC 3.59 
ULAC 790 LP4 L ULAC H. sapiens ULAC 3.49 
ULAC 797 LP4 R ULAC H. sapiens ULAC 3.55 
ULAC 179 LP4 R ULAC H. sapiens ULAC 3.51 
LH 3 LM1 L Laetoli, Tanzania A. afarensis NMT 4.05 
A.L. 145-35 LM1 L Hadar, Ethiopia A. afarensis NME 4.00 
A.L. 266-1 LM1 L Hadar, Ethiopia A. afarensis NME 3.94 
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A.L. 330-7 LM1 L Hadar, Ethiopia A. afarensis NME 4.04 
A.L. 330-5 LM1 R Hadar, Ethiopia A. afarensis NME 3.93 
A.L. 333w-1 LM1 L Hadar, Ethiopia A. afarensis NME 3.99 
A.L. 417-1a LM1 L Hadar, Ethiopia A. afarensis NME 3.92 
Sts 24 LM1 R Sterkfontein, South Africa A. africanus DNMNH 3.90 
Sts 52b LM1 R Sterkfontein, South Africa A. africanus DNMNH 3.97 
StW 106 LM1 R Sterkfontein, South Africa A. africanus Wits 3.93 
StW 123a LM1 R Sterkfontein, South Africa A. africanus Wits 3.92 
StW 145 LM1 R Sterkfontein, South Africa A. africanus Wits 3.98 
StW 309A LM1 R Sterkfontein, South Africa A. africanus Wits 4.08 
StW 364 LM1 R Sterkfontein, South Africa A. africanus Wits 3.98 
StW 421A LM1 R Sterkfontein, South Africa A. africanus Wits 4.09 
KNM-ER 1502 LM1 R Koobi Fora, Kenya H. habilis NMK 3.94 
KNM-ER 1802 LM1 R Koobi Fora, Kenya H. habilis NMK 4.08 
OH 7 LM1 L Olduvai Gorge, Tanzania H. habilis NMT 4.00 
OH 13 LM1 R Olduvai Gorge, Tanzania H. habilis NMT 3.95 
OH 16 LM1 R Olduvai Gorge, Tanzania H. habilis NMT 4.03 
KNM-ER 806C LM1 L Koobi Fora, Kenya H. erectus NMK 4.01 
KNM-ER 992 LM1 L Koobi Fora, Kenya H. erectus NMK 3.93 
OH 22 LM1 R Olduvai Gorge, Tanzania H. erectus NMT 3.96 
Balanica LM1 L Mala Balanica, Serbia MP Homo BUNM 3.92 
Mauer LM1 R Mauer, Germany H. heidelbergensis GPIH 3.90 
Abri Suard-5 LM1 L Abri Suard, France H. neanderthalensis TNT 3.89 
Abri Suard-14-7 LM1 R Abri Suard, France H. neanderthalensis TNT 3.88 
Abri Suard-49 LM1 R Abri Suard, France H. neanderthalensis TNT 3.90 
Combe Grenal I LM1 R Combe Grenal, France H. neanderthalensis MNP 3.91 
Combe Grenal IV LM1 L Combe Grenal, France H. neanderthalensis MNP 3.93 
G 1048-69 LM1 R Ehringsdorf, Germany H. neanderthalensis SFQW 3.87 
KRP 52 LM1 L Krapina, Croatia H. neanderthalensis CNHM 3.84 
KRP 53 LM1 R Krapina, Croatia H. neanderthalensis CNHM 4.00 
KRP 54 LM1 L Krapina, Croatia H. neanderthalensis CNHM 3.85 
KRP 55 LM1 L Krapina, Croatia H. neanderthalensis CNHM 4.00 
KRP 79 LM1 R Krapina, Croatia H. neanderthalensis CNHM 4.05 
KRP 81 LM1 L Krapina, Croatia H. neanderthalensis CNHM 3.92 
Le Moustier LM1 L Le Moustier, France H. neanderthalensis MVFB 3.91 
Roc de Marsal LM1 R Roc de Marsal, France H. neanderthalensis MNP 3.88 
SCLA 4A 1 LM1 R Scladina, Belgium H. neanderthalensis ASBL 3.85 
SD756 LM1 R El Sidrón, Spain H. neanderthalensis MNCN 3.95 
SD780 LM1 L El Sidrón, Spain H. neanderthalensis MNCN 3.90 
Belgian 89a LM1 L Archaeological - Spy, Belgium H. sapiens RBINS 3.87 
Belgian 93a LM1 L Archaeological - Spy, Belgium H. sapiens RBINS 3.90 
Belgian 129a LM1 L Archaeological - Spy, Belgium H. sapiens RBINS 3.79 
Belgian A31 LM1 R 
Archaeological - Maurenne 
Cave, Belgium 
H. sapiens RBINS 3.84 
Belgian A32 LM1 R 
Archaeological - Maurenne 
Cave, Belgium 
H. sapiens RBINS 3.86 
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ULAC 1 LM1 R ULAC H. sapiens ULAC 3.81 
ULAC 13 LM1 R ULAC H. sapiens ULAC 3.87 
ULAC 58 LM1 L ULAC H. sapiens ULAC 3.88 
ULAC 797 LM1 R ULAC H. sapiens ULAC 3.86 
A.L. 128-23 LM2 R Hadar, Ethiopia A. afarensis NME 3.93 
A.L. 145-35 LM2 L Hadar, Ethiopia A. afarensis NME 4.11 
A.L. 188-1 LM2 R Hadar, Ethiopia A. afarensis NME 4.13 
A.L. 241-14 LM2 L Hadar, Ethiopia A. afarensis NME 4.07 
A.L. 266-1 LM2 R Hadar, Ethiopia A. afarensis NME 4.02 
A.L. 330-5 LM2 R Hadar, Ethiopia A. afarensis NME 4.10 
A.L. 333w-1 LM2 L Hadar, Ethiopia A. afarensis NME 4.04 
A.L. 417-1a LM2 L Hadar, Ethiopia A. afarensis NME 3.99 
A.L. 440-1 LM2 R Hadar, Ethiopia A. afarensis NME 4.09 
MLD 2 LM2 R Makapansgat, South Africa A. africanus Wits 4.18 
Sts 52b LM2 R Sterkfontein, South Africa A. africanus DNMNH 4.03 
StW 14 LM2 R Sterkfontein, South Africa A. africanus Wits 4.13 
StW 109 LM2 R Sterkfontein, South Africa A. africanus Wits 4.17 
StW 133 LM2 L Sterkfontein, South Africa A. africanus Wits 4.14 
StW 213 LM2 L Sterkfontein, South Africa A. africanus Wits 4.05 
StW 234 LM2 R Sterkfontein, South Africa A. africanus Wits 4.02 
StW 327 LM2 L Sterkfontein, South Africa A. africanus Wits 4.19 
StW 404 LM2 R Sterkfontein, South Africa A. africanus Wits 4.04 
StW 412B LM2 L Sterkfontein, South Africa A. africanus Wits 4.08 
StW 491 LM2 L Sterkfontein, South Africa A. africanus Wits 4.12 
StW 498c LM2 L Sterkfontein, South Africa A. africanus Wits 4.22 
StW 560E LM2 R Sterkfontein, South Africa A. africanus Wits 4.23 
KNM-ER 1802 LM2 R Koobi Fora, Kenya H. habilis NMK 4.16 
OH 7 LM2 L Olduvai Gorge, Tanzania H. habilis NMT 4.07 
OH 13 LM2 R Olduvai Gorge, Tanzania H. habilis NMT 3.98 
OH 16 LM2 R Olduvai Gorge, Tanzania H. habilis NMT 4.09 
KNM-BK 67 LM2 L Baringo, Kenya H. erectus NMK 3.91 
KNM-ER 806 LM2 L Koobi Fora, Kenya H. erectus NMK 4.05 
KNM-ER 992 LM2 L Koobi Fora, Kenya H. erectus NMK 3.98 
KNM-ER 1507 LM2 L Koobi Fora, Kenya H. erectus NMK 4.06 
OH 22 LM2 R Olduvai Gorge, Tanzania H. erectus NMT 3.93 
Balanica LM2 L Mala Balanica, Serbia MP Homo BUNM 3.90 
Mauer LM2 R Mauer, Germany H. heidelbergensis GPIH 3.97 
Abri Suard S36 LM2 L Abri Suard, France H. neanderthalensis TNT 3.80 
KRP 1 LM2 R Krapina, Croatia H. neanderthalensis CNHM 4.03 
KRP 6 LM2 L Krapina, Croatia H. neanderthalensis CNHM 3.95 
KRP 9 LM2 L Krapina, Croatia H. neanderthalensis CNHM 3.86 
KRP 53 LM2 R Krapina, Croatia H. neanderthalensis CNHM 4.02 
KRP 54 LM2 L Krapina, Croatia H. neanderthalensis CNHM 3.80 
KRP 55 LM2 L Krapina, Croatia H. neanderthalensis CNHM 3.97 
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KRP 57 LM2 R Krapina, Croatia H. neanderthalensis CNHM 3.94 
KRP 59 LM2 R Krapina, Croatia H. neanderthalensis CNHM 3.94 
KRP 80 LM2 R Krapina, Croatia H. neanderthalensis CNHM 3.91 
KRP 86 LM2 L Krapina, Croatia H. neanderthalensis CNHM 3.93 
KRP 105 LM2 L Krapina, Croatia H. neanderthalensis CNHM 4.01 
KRP 107 LM2 L Krapina, Croatia H. neanderthalensis CNHM 4.03 
La Quina H9 LM2 L La Quina, France H. neanderthalensis TNT 3.94 
Le Moustier LM2 L Le Moustier, France H. neanderthalensis MVFB 3.95 
Le Regourdou LM2 L Le Regourdou, France H. neanderthalensis MAA 3.87 
SCLA 4A 1 LM2 R Scladina, Belgium H. neanderthalensis ASBL 3.87 
SD540 LM2 L El Sidrón, Spain H. neanderthalensis MNCN 3.96 
SD755 LM2 R El Sidrón, Spain H. neanderthalensis MNCN 3.92 
vi 11 39 LM2 R Vindija, Croatia H. neanderthalensis HAZU 3.88 
Belgian 13e LM2 R Archaeological - Spy, Belgium H. sapiens RBINS 3.88 
M 6 LM2 L Anatomical collection, MPI H. sapiens MPI-EVA 3.85 
M 19 LM2 R Anatomical collection, MPI H. sapiens MPI-EVA 3.80 
M 53 LM2 L Anatomical collection, MPI H. sapiens MPI-EVA 3.80 
M 123 LM2 L Anatomical collection, MPI H. sapiens MPI-EVA 3.81 
M 145 LM2 R Anatomical collection, MPI H. sapiens MPI-EVA 3.76 
M 146 LM2 L Anatomical collection, MPI H. sapiens MPI-EVA 3.79 
M 162 LM2 R Anatomical collection, MPI H. sapiens MPI-EVA 3.77 
M 181 LM2 L Anatomical collection, MPI H. sapiens MPI-EVA 3.82 
M 185 LM2 R Anatomical collection, MPI H. sapiens MPI-EVA 3.86 
M 232 LM2 L Anatomical collection, MPI H. sapiens MPI-EVA 3.89 
ULAC 1 LM2 R ULAC H. sapiens ULAC 3.76 
ULAC 13 LM2 L ULAC H. sapiens ULAC 3.80 
ULAC 58 LM2 L ULAC H. sapiens ULAC 3.85 
ULAC 797 LM2 L ULAC H. sapiens ULAC 3.84 
A.L. 188-1 LM3 R Hadar, Ethiopia A. afarensis NME 4.15 
A.L. 266-1 LM3 R Hadar, Ethiopia A. afarensis NME 4.06 
A.L. 288-1 LM3 R Hadar, Ethiopia A. afarensis NME 4.01 
StW 3 LM3 L Sterkfontein, South Africa A. africanus Wits 4.10 
StW 14 LM3 R Sterkfontein, South Africa A. africanus Wits 4.18 
StW 109 LM3 R Sterkfontein, South Africa A. africanus Wits 4.17 
StW 142(StW 312) LM3 L Sterkfontein, South Africa A. africanus Wits 4.13 
StW 237 LM3 L Sterkfontein, South Africa A. africanus Wits 4.22 
StW 384 LM3 R Sterkfontein, South Africa A. africanus Wits 4.28 
StW 404 LM3 R Sterkfontein, South Africa A. africanus Wits 4.06 
StW 491 LM3 L Sterkfontein, South Africa A. africanus Wits 4.13 
StW 498c LM3 L Sterkfontein, South Africa A. africanus Wits 4.25 
StW 520 LM3 R Sterkfontein, South Africa A. africanus Wits 4.13 
StW 529 LM3 L Sterkfontein, South Africa A. africanus Wits 4.07 
StW 537 LM3 L Sterkfontein, South Africa A. africanus Wits 4.19 
StW 560A LM3 R Sterkfontein, South Africa A. africanus Wits 4.17 
OH 4 LM3 L Olduvai Gorge, Tanzania H. habilis NMT 4.01 
OH 13 LM3 L Olduvai Gorge, Tanzania H. habilis NMT 4.01 
Supplementary Information - Chapter 3
270
OH 16 LM3 R Olduvai Gorge, Tanzania H. habilis NMT 4.07 
KNM-BK 67 LM3 R Baringo, Kenya H. erectus NMK 3.86 
KNM-ER 806A LM3 L Koobi Fora, Kenya H. erectus NMK 4.03 
KNM-ER 992 LM3 R Koobi Fora, Kenya H. erectus NMK 3.94 
Mauer LM3 R Mauer, Germany H. heidelbergensis GPIH 3.87 
Abri Suard S36 LM3 L Abri Suard, France H. neanderthalensis TNT 3.76 
Abri Suard S43 LM3 R Abri Suard, France H. neanderthalensis TNT 3.74 
Combe Grenal XII LM3 L Combe Grenal, France H. neanderthalensis MNP 3.86 
KRP 57 LM3 R Krapina, Croatia H. neanderthalensis CNHM 3.84 
KRP 104 LM3 R Krapina, Croatia H. neanderthalensis CNHM 3.86 
KRP 106 LM3 L Krapina, Croatia H. neanderthalensis CNHM 3.92 
La Quina H9 LM3 L La Quina, France H. neanderthalensis TNT 3.94 
Lakonis LM3 L Lakonis, Greece H. neanderthalensis EPSSG 3.86 
Le Moustier LM3 L Le Moustier, France H. neanderthalensis MVFB 3.91 
Le Regourdou LM3 L Le Regourdou, France H. neanderthalensis MAA 3.86 
SCLA 4A 1 LM3 R Scladina, Belgium H. neanderthalensis ASBL 3.81 
SD 1135 LM3 R El Sidrón, Spain H. neanderthalensis MNCN 3.89 
St. Césaire LM3 R St. Césaire, France H. neanderthalensis MAN 3.82 
vi 11 39 LM3 R Vindija, Croatia H. neanderthalensis HAZU 3.86 
M 71 LM3 R Anatomical collection, MPI H. sapiens MPI-EVA 3.81 
M 131 LM3 R Anatomical collection, MPI H. sapiens MPI-EVA 3.80 
M 132 LM3 L Anatomical collection, MPI H. sapiens MPI-EVA 3.75 
M 133 LM3 L Anatomical collection, MPI H. sapiens MPI-EVA 3.77 
M 135 LM3 L Anatomical collection, MPI H. sapiens MPI-EVA 3.79 
M 213 LM3 L Anatomical collection, MPI H. sapiens MPI-EVA 3.68 
ULAC 58 LM3 L ULAC H. sapiens ULAC 3.72 
ULAC 179 LM3 R ULAC H. sapiens ULAC 3.76 
ULAC 536 LM3 L ULAC H. sapiens ULAC 3.75 
ULAC 790 LM3 L ULAC H. sapiens ULAC 3.82 
LH 6 UP3 R Laetoli, Tanzania A. afarensis NMT 3.84 
A.L. 200-1a UP3 L Hadar, Ethiopia A. afarensis NME 3.77 
A.L. 333-1 UP3 L Hadar, Ethiopia A. afarensis NME 3.81 
A.L. 486-1 UP3 L Hadar, Ethiopia A. afarensis NME 3.74 
MLD 11 30 UP3 R Makapansgat, South Africa A. africanus Wits 3.81 
MLD 23 UP3 L Makapansgat, South Africa A. africanus Wits 3.76 
Sts 1 UP3 L Sterkfontein, South Africa A. africanus DNMNH 3.84 
Sts 52a UP3 R Sterkfontein, South Africa A. africanus DNMNH 3.79 
StW 73 UP3 L Sterkfontein, South Africa A. africanus Wits 3.75 
StW 252 UP3 R Sterkfontein, South Africa A. africanus Wits 3.85 
StW 280 UP3 R Sterkfontein, South Africa A. africanus Wits 3.88 
OH 13 UP3 R Olduvai Gorge, Tanzania H. habilis NMT 3.74 
OH 16 UP3 R Olduvai Gorge, Tanzania H. habilis NMT 3.85 
OH 39 UP3 R Olduvai Gorge, Tanzania H. habilis NMT 3.69 
KNM-ER 1590G UP3 L Koobi Fora, Kenya H. rudolfensis NMK 3.96 
KNM-ER 3733 UP3 R Koobi Fora, Kenya H. erectus NMK 3.77 
KRP 48 UP3 L Krapina, Croatia H. neanderthalensis CNHM 3.75 
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KRP 49 UP3 L Krapina, Croatia H. neanderthalensis CNHM 3.72 
KRP 46 UP3 L Krapina, Croatia H. neanderthalensis CNHM 3.79 
KRP D53 UP3 R Krapina, Croatia H. neanderthalensis CNHM 3.88 
KRP D110 UP3 R Krapina, Croatia H. neanderthalensis CNHM 3.78 
KRP D112 UP3 R Krapina, Croatia H. neanderthalensis CNHM 3.72 
SD 566 UP3 R El Sidrón, Spain H. neanderthalensis MNCN 3.71 
Le Moustier UP3 L Le Moustier, France H. neanderthalensis MVFB 3.76 
M 07 045 UP3 L Anatomical collection, MPI H. sapiens MPI-EVA 3.68 
M 07 047 UP3 L Anatomical collection, MPI H. sapiens MPI-EVA 3.60 
M 07 083 UP3 L Anatomical collection, MPI H. sapiens MPI-EVA 3.64 
M 07 136 UP3 R Anatomical collection, MPI H. sapiens MPI-EVA 3.51 
M 07 137 UP3 L Anatomical collection, MPI H. sapiens MPI-EVA 3.47 
M 07 233 UP3 R Anatomical collection, MPI H. sapiens MPI-EVA 3.61 
M 07 234 UP3 L Anatomical collection, MPI H. sapiens MPI-EVA 3.61 
M 07 256 UP3 L Anatomical collection, MPI H. sapiens MPI-EVA 3.67 
M 07 574 UP3 R Anatomical collection, MPI H. sapiens MPI-EVA 3.63 
M 07 607 UP3 L Anatomical collection, MPI H. sapiens MPI-EVA 3.59 
M 4 UP3 L Anatomical collection, MPI H. sapiens MPI-EVA 3.59 
M T08 066 UP3 L Anatomical collection, MPI H. sapiens MPI-EVA 3.59 
M T08 069 UP3 L Anatomical collection, MPI H. sapiens MPI-EVA 3.69 
M T08 072 UP3 R Anatomical collection, MPI H. sapiens MPI-EVA 3.64 
M T08 074 UP3 R Anatomical collection, MPI H. sapiens MPI-EVA 3.64 
M T08 092 UP3 L Anatomical collection, MPI H. sapiens MPI-EVA 3.65 
M T08 212 UP3 L Anatomical collection, MPI H. sapiens MPI-EVA 3.64 
M T08 213 UP3 R Anatomical collection, MPI H. sapiens MPI-EVA 3.64 
M T08 224 UP3 L Anatomical collection, MPI H. sapiens MPI-EVA 3.72 
M T08 225 UP3 R Anatomical collection, MPI H. sapiens MPI-EVA 3.73 
M T09 112 UP3 L Anatomical collection, MPI H. sapiens MPI-EVA 3.67 
A.L. 199-1 UP4 R Hadar, Ethiopia A. afarensis NME 3.60 
A.L. 200-1a UP4 L Hadar, Ethiopia A. afarensis NME 3.71 
A.L. 333w-42 UP4 R Hadar, Ethiopia A. afarensis NME 3.83 
A.L. 486-1 UP4 L Hadar, Ethiopia A. afarensis NME 3.79 
MLD 6 UP4 R Makapansgat, South Africa A. africanus Wits 3.80 
Sts 52a UP4 L Sterkfontein, South Africa A. africanus DNMNH 3.84 
Sts 57 UP4 L Sterkfontein, South Africa A. africanus DNMNH 3.76 
StW 73 UP4 L Sterkfontein, South Africa A. africanus Wits 3.79 
StW 252 UP4 L Sterkfontein, South Africa A. africanus Wits 3.91 
StW 280 UP4 R Sterkfontein, South Africa A. africanus Wits 3.89 
OH 13 UP4 R Olduvai Gorge, Tanzania H. habilis NMT 3.75 
OH 16 UP4 R Olduvai Gorge, Tanzania H. habilis NMT 3.84 
OH 24 UP4 L Olduvai Gorge, Tanzania H. habilis NMT 3.79 
OH 39 UP4 R Olduvai Gorge, Tanzania H. habilis NMT 3.67 
KNM-ER 1813 UP4 L Koobi Fora, Kenya H. habilis NMK 3.69 
KNM-ER 1590 UP4 L Koobi Fora, Kenya H. rudolfensis NMK 3.94 
KNM-ER 3733 UP4 L Koobi Fora, Kenya H. erectus NMK 3.82 
KRP 49 UP4 L Krapina, Croatia H. neanderthalensis CNHM 3.72 
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KRP 46 UP4 L Krapina, Croatia H. neanderthalensis CNHM 3.74 
KRP 47 UP4 L Krapina, Croatia H. neanderthalensis CNHM 3.81 
KRP 48 UP4 L Krapina, Croatia H. neanderthalensis CNHM 3.73 
KRP D41 UP4 L Krapina, Croatia H. neanderthalensis CNHM 3.81 
KRP D42 UP4 R Krapina, Croatia H. neanderthalensis CNHM 3.72 
KRP D44 UP4 R Krapina, Croatia H. neanderthalensis CNHM 3.68 
KRP D115 UP4 R Krapina, Croatia H. neanderthalensis CNHM 3.71 
Le Moustier UP4 L Le Moustier, France H. neanderthalensis MVFB 3.77 
M 07 078 UP4 R Anatomical collection, MPI H. sapiens MPI-EVA 3.57 
M 07 114 UP4 L Anatomical collection, MPI H. sapiens MPI-EVA 3.61 
M 07 565 UP4 R Anatomical collection, MPI H. sapiens MPI-EVA 3.62 
M 07 602 UP4 L Anatomical collection, MPI H. sapiens MPI-EVA 3.57 
M 07 617 UP4 R Anatomical collection, MPI H. sapiens MPI-EVA 3.46 
M 07 724 UP4 L Anatomical collection, MPI H. sapiens MPI-EVA 3.51 
M12 UP4 R Anatomical collection, MPI H. sapiens MPI-EVA 3.64 
M T08 046 UP4 R Anatomical collection, MPI H. sapiens MPI-EVA 3.57 
M T08 062 UP4 R Anatomical collection, MPI H. sapiens MPI-EVA 3.52 
M T08 076 UP4 R Anatomical collection, MPI H. sapiens MPI-EVA 3.64 
M T08 081 UP4 R Anatomical collection, MPI H. sapiens MPI-EVA 3.53 
M T08 094 UP4 R Anatomical collection, MPI H. sapiens MPI-EVA 3.57 
M T09 125 UP4 L Anatomical collection, MPI H. sapiens MPI-EVA 3.62 
M T09 127 UP4 R Anatomical collection, MPI H. sapiens MPI-EVA 3.58 
M T09 311 UP4 R Anatomical collection, MPI H. sapiens MPI-EVA 3.66 
SCLA 4A 2 UP4 R Scladina, Belgium H. neanderthalensis ASBL 3.64 
SD 50 UP4 R El Sidrón, Spain H. neanderthalensis MNCN 3.72 
SD 411 UP4 L El Sidrón, Spain H. neanderthalensis MNCN 3.71 
SD 1106 UP4 R El Sidrón, Spain H. neanderthalensis MNCN 3.71 
A.L. 200-1a UM1 L Hadar, Ethiopia A. afarensis NME 3.95 
A.L. 333-86 UM1 R Hadar, Ethiopia A. afarensis NME 3.92 
A.L. 486-1 UM1 L Hadar, Ethiopia A. afarensis NME 4.02 
Sts 1 UM1 L Sterkfontein, South Africa A. africanus DNMNH 4.03 
Sts 8 UM1 L Sterkfontein, South Africa A. africanus DNMNH 3.99 
Sts 24 UM1 R Sterkfontein, South Africa A. africanus DNMNH 4.02 
Sts 56 UM1 L Sterkfontein, South Africa A. africanus DNMNH 3.99 
Sts 57 UM1 L Sterkfontein, South Africa A. africanus DNMNH 3.96 
StW 183 UM1 L Sterkfontein, South Africa A. africanus Wits 4.08 
StW 252J UM1 L Sterkfontein, South Africa A. africanus Wits 4.09 
StW 402 UM1 R Sterkfontein, South Africa A. africanus Wits 4.07 
StW 450 UM1 R Sterkfontein, South Africa A. africanus Wits 3.97 
Taung UM1 L Sterkfontein, South Africa A. africanus Wits 3.99 
KNM-ER 1813 UM1 L Koobi Fora, Kenya H. habilis NMK 3.92 
OH 45 UM1 L Olduvai Gorge, Tanzania H. habilis NMT 3.99 
OH 13 UM1 L Olduvai Gorge, Tanzania H. habilis NMT 3.97 
OH 16 UM1 R Olduvai Gorge, Tanzania H. habilis NMT 4.03 
OH 21 UM1 L Olduvai Gorge, Tanzania H. habilis NMT 3.86 
OH 24 UM1 L Olduvai Gorge, Tanzania H. habilis NMT 3.96 
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KNM-ER 1590 UM1 L Koobi Fora, Kenya H. rudolfensis NMK 4.11 
BD 8 UM1 L 
Abri Bourgeois-Delaunay, 
France 
H. neanderthalensis MA 3.97 
Combe Grenal IX UM1 R Combe Grenal, France H. neanderthalensis MNP 3.87 
Combe Grenal XIII UM1 R Combe Grenal, France H. neanderthalensis MNP 3.94 
KRP 45 UM1 L Krapina, Croatia H. neanderthalensis CNHM 3.89 
KRP 46 UM1 L Krapina, Croatia H. neanderthalensis CNHM 3.97 
KRP 47 UM1 L Krapina, Croatia H. neanderthalensis CNHM 4.03 
KRP 48 UM1 L Krapina, Croatia H. neanderthalensis CNHM 3.92 
KRP 100 UM1 L Krapina, Croatia H. neanderthalensis CNHM 3.94 
KRP 134 UM1 R Krapina, Croatia H. neanderthalensis CNHM 4.04 
KRP 136 UM1 L Krapina, Croatia H. neanderthalensis CNHM 4.05 
KRP 171 UM1 R Krapina, Croatia H. neanderthalensis CNHM 3.93 
KRP 174 UM1 R Krapina, Croatia H. neanderthalensis CNHM 3.90 
La Quina H18 UM1 L La Quina, France H. neanderthalensis TNT 3.87 
Roc de Marsal UM1 L Roc de Marsal, France H. neanderthalensis MNP 3.88 
SCLA 4A 4 UM1 R Scladina, Belgium H. neanderthalensis ASBL 3.87 
SD 531 UM1 R El Sidrón, Spain H. neanderthalensis MNCN 3.89 
SD 1105 UM1 R El Sidrón, Spain H. neanderthalensis MNCN 3.98 
Belgian 59b UM1 L Archaeological - Spy, Belgium H. sapiens RBINS 3.87 
Belgian A33 UM1 R 
Archaeological - Maurenne 
Cave, Belgium 
H. sapiens RBINS 3.85 
Belgian A34 UM1 R 
Archaeological - Maurenne 
Cave, Belgium 
H. sapiens RBINS 3.86 
Belgian A37 UM1 L 
Archaeological - Maurenne 
Cave, Belgium 
H. sapiens RBINS 3.75 
Belgian M1D UM1 R 
Archaeological - Humain, 
Belgium 
H. sapiens RBINS 3.85 
M 2 UM1 R Anatomical collection, MPI H. sapiens MPI-EVA 3.81 
M 13 UM1 L Anatomical collection, MPI H. sapiens MPI-EVA 3.84 
M 51 UM1 R Anatomical collection, MPI H. sapiens MPI-EVA 3.89 
M 106 UM1 L Anatomical collection, MPI H. sapiens MPI-EVA 3.78 
M 183 UM1 L Anatomical collection, MPI H. sapiens MPI-EVA 3.85 
M 186 UM1 R Anatomical collection, MPI H. sapiens MPI-EVA 3.79 
A.L. 199-1 UM2 R Hadar, Ethiopia A. afarensis NME 3.91 
A.L. 200-1a UM2 R Hadar, Ethiopia A. afarensis NME 4.04 
A.L. 417-1d UM2 L Hadar, Ethiopia A. afarensis NME 3.99 
A.L. 486-1 UM2 L Hadar, Ethiopia A. afarensis NME 4.02 
Sts 8 UM2 L Sterkfontein, South Africa A. africanus DNMNH 4.09 
Sts 22 UM2 L Sterkfontein, South Africa A. africanus DNMNH 4.06 
Sts 52a UM2 L Sterkfontein, South Africa A. africanus DNMNH 4.06 
StW 188 UM2 R Sterkfontein, South Africa A. africanus Wits 4.20 
StW 280 UM2 L Sterkfontein, South Africa A. africanus Wits 4.18 
KNM-ER 1813 UM2 L Koobi Fora, Kenya H. habilis NMK 3.96 
OH 13 UM2 L Olduvai Gorge, Tanzania H. habilis NMT 3.99 
OH 16 UM2 L Olduvai Gorge, Tanzania H. habilis NMT 4.04 
OH 39 UM2 L Olduvai Gorge, Tanzania H. habilis NMT 3.91 
KNM-ER 1590 UM2 L Koobi Fora, Kenya H. rudolfensis NMK 4.21 
KNM-ER 1808 UM2 R Koobi Fora, Kenya H. erectus NMK 3.94 
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BD8 UM2 L 
Abri Bourgeois-Delaunay, 
France 
H. neanderthalensis MA 3.89 
KRP 47 UM2 L Krapina, Croatia H. neanderthalensis CNHM 3.96 
KRP 48 UM2 L Krapina, Croatia H. neanderthalensis CNHM 3.88 
KRP 96 UM2 R Krapina, Croatia H. neanderthalensis CNHM 3.91 
KRP 98 UM2 R Krapina, Croatia H. neanderthalensis CNHM 3.86 
KRP 101 UM2 L Krapina, Croatia H. neanderthalensis CNHM 3.87 
KRP 135 UM2 L Krapina, Croatia H. neanderthalensis CNHM 4.01 
KRP 165 UM2 R Krapina, Croatia H. neanderthalensis CNHM 3.88 
KRP 166 UM2 R Krapina, Croatia H. neanderthalensis CNHM 4.03 
KRP 169 UM2 R Krapina, Croatia H. neanderthalensis CNHM 3.90 
KRP 175 UM2 L Krapina, Croatia H. neanderthalensis CNHM 3.92 
KRP 177 UM2 R Krapina, Croatia H. neanderthalensis CNHM 4.01 
KRP 192 UM2 L Krapina, Croatia H. neanderthalensis CNHM 3.90 
La Quina H18 UM2 L La Quina, France H. neanderthalensis TNT 3.83 
Le Moustier UM2 L Le Moustier, France H. neanderthalensis MVFB 3.95 
SCLA 4A 3 UM2 R Scladina, Belgium H. neanderthalensis ASBL 3.86 
SD4 UM2 L El Sidrón, Spain H. neanderthalensis MNCN 3.92 
SD407 UM2 L El Sidrón, Spain H. neanderthalensis MNCN 3.93 
SD551 UM2 R El Sidrón, Spain H. neanderthalensis MNCN 3.94 
St. Césaire UM2 R St. Césaire, France H. neanderthalensis MAN 3.86 
Belgian 134c UM2 L Archaeological - Spy, Belgium H. sapiens RBINS 3.79 
Belgian A40 UM2 L 
Archaeological - Maurenne 
Cave, Belgium 
H. sapiens RBINS 3.80 
Belgian HUM001 UM2 R 
Archaeological - Frontal, 
Belgium 
H. sapiens RBINS 3.72 
Belgian M2G UM2 L 
Archaeological - Humain, 
Belgium 
H. sapiens RBINS 3.68 
M 9 UM2 L Anatomical collection, MPI H. sapiens MPI-EVA 3.79 
M 11 UM2 R Anatomical collection, MPI H. sapiens MPI-EVA 3.73 
M 45 UM2 L Anatomical collection, MPI H. sapiens MPI-EVA 3.86 
M 49 UM2 R Anatomical collection, MPI H. sapiens MPI-EVA 3.84 
M 69 UM2 R Anatomical collection, MPI H. sapiens MPI-EVA 3.89 
M 95 UM2 R Anatomical collection, MPI H. sapiens MPI-EVA 3.77 
M 98 UM2 R Anatomical collection, MPI H. sapiens MPI-EVA 3.72 
M 104 UM2 L Anatomical collection, MPI H. sapiens MPI-EVA 3.73 
M 121 UM2 R Anatomical collection, MPI H. sapiens MPI-EVA 3.79 
M 187 UM2 R Anatomical collection, MPI H. sapiens MPI-EVA 3.85 
M 189 UM2 L Anatomical collection, MPI H. sapiens MPI-EVA 3.85 
M 272 UM2 R Anatomical collection, MPI H. sapiens MPI-EVA 3.76 
M 289 UM2 R Anatomical collection, MPI H. sapiens MPI-EVA 3.82 
M 513 UM2 L Anatomical collection, MPI H. sapiens MPI-EVA 3.77 
M 530 UM2 R Anatomical collection, MPI H. sapiens MPI-EVA 3.79 
M 581 UM2 R Anatomical collection, MPI H. sapiens MPI-EVA 3.80 
M 660 UM2 L Anatomical collection, MPI H. sapiens MPI-EVA 3.77 
A.L. 200-1a UM3 R Hadar, Ethiopia A. afarensis NME 4.06 
A.L. 333x-1 UM3 R Hadar, Ethiopia A. afarensis NME 4.08 
A.L. 486-1 UM3 L Hadar, Ethiopia A. afarensis NME 4.01 
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Sts 28 UM3 R Sterkfontein, South Africa A. africanus DNMNH 4.16 
Sts 37 UM3 L Sterkfontein, South Africa A. africanus DNMNH 4.08 
Sts 52a UM3 R Sterkfontein, South Africa A. africanus DNMNH 3.98 
Sts 53 UM3 L Sterkfontein, South Africa A. africanus DNMNH 4.00 
StW 6 UM3 L Sterkfontein, South Africa A. africanus Wits 4.23 
StW 179 UM3 L Sterkfontein, South Africa A. africanus Wits 4.05 
StW 183 UM3 R Sterkfontein, South Africa A. africanus Wits 4.16 
StW 189 UM3 L Sterkfontein, South Africa A. africanus Wits 4.11 
StW 252H UM3 R Sterkfontein, South Africa A. africanus Wits 4.19 
KNM-ER 1813 UM3 L Koobi Fora, Kenya H. habilis NMK 3.91 
OH 13 UM3 R Olduvai Gorge, Tanzania H. habilis NMT 3.98 
OH 15 UM3 R Olduvai Gorge, Tanzania H. habilis NMT 4.10 
OH 16 UM3 L Olduvai Gorge, Tanzania H. habilis NMT 4.05 
BD8 UM3 L 
Abri Bourgeois-Delaunay, 
France 
H. neanderthalensis MA 3.81 
KRP 58 UM3 R Krapina, Croatia H. neanderthalensis CNHM 3.91 
KRP 97 UM3 L Krapina, Croatia H. neanderthalensis CNHM 3.80 
KRP 99 UM3 R Krapina, Croatia H. neanderthalensis CNHM 3.88 
KRP 109 UM3 R Krapina, Croatia H. neanderthalensis CNHM 3.94 
KRP 163 UM3 R Krapina, Croatia H. neanderthalensis CNHM 3.82 
KRP 170 UM3 R Krapina, Croatia H. neanderthalensis CNHM 3.82 
KRP 173 UM3 L Krapina, Croatia H. neanderthalensis CNHM 3.83 
KRP 180 UM3 L Krapina, Croatia H. neanderthalensis CNHM 3.83 
Le Moustier UM3 R Le Moustier, France H. neanderthalensis MVFB 3.81 
SD332 UM3 L El Sidrón, Spain H. neanderthalensis MNCN 3.81 
SD621 UM3 R El Sidrón, Spain H. neanderthalensis MNCN 4.02 
SD1164 UM3 R El Sidrón, Spain H. neanderthalensis MNCN 3.88 
St. Césaire UM3 R St. Césaire, France H. neanderthalensis MAN 3.77 
M 60 UM3 R Anatomical collection, MPI H. sapiens MPI-EVA 3.58 
M 136 UM3 L Anatomical collection, MPI H. sapiens MPI-EVA 3.68 
M 163 UM3 R Anatomical collection, MPI H. sapiens MPI-EVA 3.74 
M 565 UM3 R Anatomical collection, MPI H. sapiens MPI-EVA 3.78 
NMNH SI 16 UM3 L Anatomical collection, NMNH H. sapiens NMNH 3.78 
Abbreviations: ASBL = ASBL Archéologie Andennaise; BUNM = Belgrade University and the National Museum; CNHM = Croatian Natural 
History Museum; DNMNH = Ditsong National Museum Natural History; EPSSG = Ephorate of Palaeoanthropology & Speleology of 
Southern Greece; GPIH = Geologisch-Paläontologisches Institut der Universität Heidelberg; HAZU = Croatian Academy of Sciences and 
Arts; MA = Le Musée d’Agoulème; MAA = Musée d’Art et d’Archéologie du Périgord; MAN = Musée d’Archéologie nationale de Saint-
Germain-en-Laye; MNCN = Museo Nacional de Ciencìas Naturales; MNP = Musée National de Préhistoire; MPI-EVA = Max Planck 
Institute for Evolutionary Anthropology; MVFB = Museum für Vor- und Frühgeschichte Berlin; NME = National Museum of Ethiopia; 
NMK = National Museums Kenya; NMNH = Smithsonian National Museum of Natural History; NMT = National Museum of Tanzania; 
RBINS = Royal Belgian Institute of Natural Science; SFQW = Senckenberg, Forschungsstation für Quartärpaläontologie; TNT = The 
Neanderthal Tools project of the Neanderthal Studies Professional Online Service (NESPOS); ULAC = University of Leipzig Anatomical 
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Supplementary Figure 1 – Centroid size across the tooth row. Plots show the natural logarithm of centroid 
size, calculated separately for A) the mandibular postcanine tooth row, and B) the maxillary postcanine 
tooth row. H. habilis and H. erectus specimens that preserve complete or nearly complete tooth rows are 
labelled and connected with lines 
B) 
A) 
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Supplementary Figure 2 – Maxillary third molars of Homo erectus. The outer enamel surface of two H. 
erectus M3s are shown in occlusal view. A) KNM-ER 807 URM3 – image reversed for comparative purposes. 
B) KNM-WT 15000 ULM3 – this upper molar is only partly erupted and CT-based imaging reveals an 
unusual crown shape 
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